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ABSTRACT
Results of thirty-eight tests conducted to evaluate the
static ultimate shear strength of prestressed concrete I-beams with
vertical stirrups are presented and analyzed. The two principal vari-
ables in the investigation were the amount of web reinforcement and
the length of shear span.
The test beams were designed and fabricated so as to be re-
presentative of precast prestressed bridge beams. All of the test
beams had a depth of 18 in., a.depth to flange width ratio of 2, and
a flange to web width ratio of 3. The beams were prestressed with
7/16 in. diameter seven-wire strands and had a longitudinal reinforce-
ment ratio of 0.64 percent. Hot-rolled deformed No.3 and No.2 bars
and annealed 3/16 in. diameter deformed masonry bars were used for ver-
tical stirrup reinforcement. The percentage of web reinforcement,
based on the web width, ranged between 0.08 and 0.73 percent. Concrete
strengths of the test beams ranged between 5790 and 7410 psi.
Symmetrical and un$ymmetrical concentrated loads were applied
in thirty-six tests. The shear span to effective depth ratios for
these tests ranged frqm 2.12 to 7.76. Shear failures were obtained in
all but one test. Uniform loads were applied in two tests, on span
length to effective depth ratios of 10.6 and 14.8. Shear failures
were obtained in both uniform load tests, at approximately the third
point of the span length.
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Particular attention was directed to the determination of the
shear causing significant inclined cracking, or in other words the shear
causing inclined cracking which ultimately led to the shear failure. 1n-
clinedcracking was classified as flexure shear or diagonal tension,
depending upon whether it began from a flexural crack in the bottom fi-
bers or from an interior point in the web of the beam.
Four different modes of shear failure were observed. Three of
these were due to inclined cracks which remained entirely within the
shear span, and were associated with failure by crushing of conrete in
the web, by shearing of the compression flange, and by fracture of the
web reinforcement. Shear compression failures were observed in two
tests, and were associated with inclined cracks which penetrated the con-
stant moment region adjacent to the shear span.
A method is recommended for the evaluation of shear strength
which assumes that the shear carried by the concrete is equal to the
shear causing significant inclined cracking, and that the shear carried
by the web reinforcement is equal to the force in the web reinforcement
which is crossed by an idealized inclined crack. The shear causing
significant diagonal tension cracking is related to the attainment of a
critical principal tensile stress at the center of gravity of the beam.
The ~hear causing significant flexure shear cracking is related to the
attainment of a critical tensile stress in the bottom fibers.
•-,
1. INTRODUCTION
1.1 BACKGROUND
The shear strength of concrete beams became a research topic
of major importance in the early 1950's. There were several reaSons
,for this renewed interest in a subject which can be traced back to be-
fore the year 1900.
Specifications for the design of web reinforcement have been
based on a modi.fied form of the "truss analogy". The concepts of the
truss analogy were expressed by Ritter as early as 1899, and likened the
. -~
behavior of a concrete beam with web reinforcement to a truss in which
the concrete compression region is the top chord, the tension reinforce-
ment is the bottom chord, the stirrups are the tension web members, and
the parts of the concrete web between inclined cracks are the compression
-web members. The modified form of the truss analogy considers that the
concrete compression region carries a part of the total vertical shear,
in addition to the stirrups. While the truss analogy had provided a
safe although non-uniform and overly conservative basis for design, it
had not provided a satisfactory explanation of the effects of shear on
the behavior and failure of concrete beams.
The development of' prestressed concrete increased interest in
the problem of shear strength. Use of prestressing permitted the appli-
cation of concrete to longer spans and heavier loads. Test data, and
reasoning based on the concepts of diagonal tension, indicated that pre-
stressed concrete beams had a greater shear strength than reinforced
-3-
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concrete beams, but the extent to which it was greater could not be
determined from the truss analogy.
)
1.2 PREVIOUS WORK
The ultimate strength of prestressed concrete beams has been
under investigation at Lehigh University since 1951. The first tests(1,2)
were carried out to analyze the behavior of full-sized pretensioned and
post-tensioned concrete beams under simulated highway traffic. These
tests showed that properly designed prestressed beams were able to carry
at least 1,000,000 cycles of load producing the full design moment with-
out any reduction, in ultimate capacity.
A study of the ultimate strength of concrete beams under the
combined action of bending and shear, commonly referred to as shear
strength, began in 1957 with an analytical idealization of the condi-
tions which exist when a beam without web reinforcement fails in compres-
sion above the apex of an inclined crack. This work resulted in a hypo-
thesis proposed by Walther(3,4) which states that deformations of a beam
in the vicinity of an inclined crack result from a rotation about the
end of the inclined crack. Thus the failure section is idealized as two
planes: a vertical plane extending from the center of rotation to the
top of the beam, and an oblique plane extending along the path of the
inclined crack. By means of simplifying assumptions, the deformation
above the 'top of the inclined crack is related to the strain distribu-
tion in the top fibers in the region above the inclined crack. The de-
formation below the top of the inclined crack, normal to the oblique
•-5-
plane along the path of the crack, is related to a parameter which de-
pends on the bond characteristics of the longitudinal prestressing rein-
forcement. Formulated on this basis, Walther extended his theory to
pretensioned prestressed concrete beams.
An investigation in which twenty beams of conventionally re-
inforced concrete and pretensioned prestressed concrete were tested to
failure was carried out by Walther and Warner~5) The test beams, all
without web reinforcement, had a rectangular cross-section 8 in. wide
and 18 in. deep, and were loaded at the third points of a 9 ft span.
Ten of these tests, designated as Series A, were used to determine the
effect on ultimate shear strength of variation in the magnitude of the
prestressing force, which was provided by 7/16 in. diameter prestressing
strands. These tests showed that the mode of failure could be changed
from shear to flexure by increasing the prestressing force. The remain-
ing ten tests, designated as Series B, were used to determine the effect
on ultimate shear strength of different bond conditions between the steel
and the concrete. Beams prestressed with 1/4, 3/8, and 1/2 in. diameter
strand as well as beams reinforced with No. 5 deformed and No. 6 smooth
hard gr~de steel bars were included in this series. The tests on the
prestressed beams showed that the different sizes of strand had little
influence on the ultimate strength, even though the spacing between
cracks was increased considerably in going from the smaller to the larger
sized strand. The test results on the reinforced beams, as well as the
prestressed beams, were later used to revise Walthers' shear compression
theory.
-6-
McClarnon, Wakabayashi, and Ekberg(6) continued the work at
Lehigh University by carrying out two series of tests on beams of pre-
stressed and conventionally reinforced design without web reinforcement.
Sixteen tests, designated as Series C, were used to determine the effect
on ultimate strength of length of overhang at the reaction and of exist-
ing inclined cracks. These beams had a rectangular cross-sect~on 6 in.
wide and 12 in. deep and were either prestressed with 7/16 in. diameter
strands or reinforced with No.6 deformed bars. The beams with 7/16 in.
diameter strands had varying magnitudes of prestress force. The test
results indicated that a 24 in. overhang provided adequate embedment
regardless of type of reinforcement, degree of prestress, or length of
shear span. Strand slip,however, caused bond failures in beams with a
2-1/2 in. overhang tested on shear span to total depth ratios of 1.5.
To determine the effect of existing inclined cracks, the test beams
were initially loaded until inclined cracks formed, after which the load
was removed and the load points were repositioned for subsequent reload-
ing to failure. The results indicated that significant reductions in
shear strength can be effected by a reloading procedure of this type.
This loss in strength was attributed to the fact that the failure crack
did not pass under the load point, but instead remained within the shear
span away from the load point, so that the restraint due to vertical
compression was lost.
Twelve tests, designated as Series D, were used to determine
the effect of height of load point on the ultimate shear strength. This
group of tests included beams with a rectangular cross-section 6 in. wide
and 12 in. deep and I-beams with a flange width of 6 in., a total depth
.,
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of 12 in., and a flange to web width ratio of 3.43. All of the beams
were without web reinforcement, and were prestressed with 7/16 in. dia-
meter strands. The test results indicated that the manner of load appli-
cation does influence the shear strength. Beams loaded through stubs
such that the load was introduced at the mid-depth of the beam had a
lower ultimate strength than beams loaded through stubs which permitted
the load to be introduced at the top of the-beam. Maximum ultimate
strength was obtained with loads centered directly on top of the beam.
McClarnon, Wakabayashi, and Ekberg used the results of the
Series A, B, and C tests and other tests available in research litera-
ture to revise the shear compression theory. This revision improved
the correlation between the theoretical and experimental results. How-
ever, it was concluded that the shear compression theory waS not appli-
cable to beams with short shear spans of less than two times the total
depth of the beam, or to beams with existing inclined cracks.
The experimental study of ultimate shear strength was extended
to prestressed beams with web reinforcement by Hanson and HUlsbos~7)
Eighteen tests, designated as the E Series, on simply supported I-beams
subjected to a symmetrical two point loading were carried out. Sixteen
of these tests were static tests, conducted for the purpose of evaluat-
ing the overload behavior of prestressed beams with web reinforcement.
The remaining two tests were repeated load tests,conducted for the pur-
pose of determining if a prestressed I-beam, once overloaded so that in-
clined cracks would form, could subsequently be critical in fatigue of
the web reinforcement. The principal variables in the static tests were
•-8-
the length of shear span and amount of web reinforcement. Prestress was
provided by 7/16 in. diameter strands. Nine test beams failed in flexure
and seven failed in shear. Five of the shear failures were due to crush-
ing of concrete in the web, one· failed due to fracture of the web rein-
forcement, and the other shear failure was caused by inadequate anchorage
of the stirrups in the tension flange. These tests indicated that the
equation for design of web reinforcement in paragraph 1.13.13 of the cur-
rent AASHO specifications(8) was conservative bya factor of approximately
3 for shear span to effective depth ratios of less than 3.5. Based on
the observed behavior of the test beams, recommendations were made-for
the determination of the flexural and inclined cracking loads of similar
prestressed beams. An equation for the design of web reinforcement was
recommended based on the assumption that the shear carried by the concrete
above the top of the inclined crack is equal to the shear at inclined
cracking, and that the shear carried by the web reinforcement is equal
to the product of the area of the stirrups crossed by the inclined crack
and the yield point of the stirrups. The repeated load tests showed that
a prestressed beam subjected to an overload of sufficient magnitude to
cause diagonal tension inclined cracking may be more critical in fatigue
of ~he web reinforcement than in fatigue of the prestressing strand. The
linearity of the load-deflection diagram was suggested as a criteria for
determining if the member is critical in fatigue after inclined cracking.
That is, if the repeated loadings are in a range such that the deflection
of the member remains essentially linear, the probability of a fatigue
failure within the life of the member is low.
.,
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In addition to the work described thus far, which was all
carried out at Lehigh University, there have been numerous other inves-
tigations of shear strength at other universities and research organiza-
tions. The biggest part of these investigations deal with the shear
strength of reinforced concrete members. A thorough summary of the
work done on reinforced concrete has been presented by ACI-ASCE Com-
mittee326(9) •
There have also been several investigations on the shear
strength of prestressed beams without web reinforcement. Zwoyer and
Siess(lO) and Sozen, Zwoyer, and Siess(ll) have reported the results of
tests on 43 rectangular beams and 56 I-beams. The primary variables in
the test program were: magnitude of the prestress force, length of shear
span, amount of longitudinal reinforcement, concrete strength, and shape
of cross-section. Beams were testedlon shear span to effective d~pth
ratios which varied between 2.8 and 6.7. All of the test beams had over-
all cross-sectional dimensions of 6 by 12 in. The I-beams had flange to'
web width ratios of either 2 or 3.43. Prestress was provided by wires
which were straight throughout the length of the test beams. Nine flex-
ural and 90 shear failures were obtained. The shear failures were classi-
fied as ei.ther shear compression or web distress. An empirical expression
was derived from the test data for the inclined cracking load. The ulti-
mate strength of the beams failing in shear compression was expressed by
an equation similar to the equations used to express the ultimate
strength of beams failing in flexure, except for the use of different
strain compatibility factors before and after inclined cracking. It was
concluded that the useful ultimate strength of prestressed concrete beams
•-10-
without web reinforcement should be limited to the inclined cracking
load unless measures are taken to prevent web distress.
Evans and Schumacher(12) have reported shear tests on 54 simply
supported post-tensioned prestressed concrete beams loaded with two
symmetrically placed concentrated loads. The principal variables in-
eluded i.n their investigation were: amount of longitudinal reinforce-
ment, length of shear span, shape of the cross-section, and the curing
method. Prestressing elements were either Macalloy bars or wires which
were straight for the full length of the beams. The rectangular sec-
tions had a nominal width and depth of 3 by 6 in. The I-beams had
flange widths varying between 3 and 4.3 in., and a total depth of either
6 or 12 in. The test beams were loaded on shear span to effective depth
ratios which ranged between 2.8 and 5.5. Distinction was made between
beams failing in shear compression, at diagonal cracking, and after
diagonal cracking. Empirical expressions were developed for predicting
the three modes of failure. The method of curing was not found to have
any effect on the load causing diagonal cracking.
Among others who have done experimental work on the shear
strength of prestressed beams without web reinforcement are Warner and
(13) (14) . .Hall and Evans and Hosny , the latter hav~ng also carr~ed out
tests on beams with web reinforcement.
Investigations of shear strength of prestressed beams with web
reinforcement are limited. Hulsbos and Van Horn(15) carried out 33 tests
on pretensioned I-beams without end blocks. Their study was primarily
an investigation of the inclined cracking strength of prestressed beams
e.
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which included the following variables: magnitude of the prestressing
force, strand pattern, length of shear span, length of overhang, and
the amount of web reinforcement. The I-beams had a flange width of 9
in. and a total depth of 18 in., with a flange to web width ratio of
2.25. The beams were prestressed with straight 3/8 in. diameter
seven-wire strand. It was concluded that the inclined cracking load
could be calculated as the load causing a principal tensile stress in
the web of the I-beam equal to the tensile strength of the concrete
determined from a direct tension test. The incline~ cracking load was
not influenced by the amount of web reinforcement provided. The in-
clined cracking load was influenced by stress concentrations from the
prestress force for short overhangs and from the reaction and load
point for short shear spans, the effect of which was included in their
analysis for predicting the inclined cracking load •.
An investigation of diagonal tension in post-tensioned pre-
stressed concrete beams with web reinforcement was carried out by
Bernhardt(16) at the Norwegian Institute of Technology. He proposed
the hypothesis that the ultimate shear strength of I-beams with web
reinforcement could be calculated assuming that the shear carried by
the concrete is equal to the shear causing the first inclined crack to
form, and that the stirrups reach the yield point. Good correlation
was found between the results of 14 tests on I-beams and the proposed
hypothesis.
The two most significant investigations which relate directly
to the subject matter of this thesis, in addition to the prior tests on
beams with web reinforcement at Lehigh University, were carried out at
•-12-
the University of Illinois and the Portland Cement Association's Research
and Development Laboratories. Hernandez(17) tested and analyzed the re-
sults of 37 tests on prestressed beams with and without web reinforce-
ment. MacGregor(18) continued the investigation begun by Hernandez by
testing an additional 50 beams and analyzing the combined results of
the 87 tests. The principal variables were the amount, type, and spacing
of the web reinforcement, and the profile of the longitudinal reinforce-
ment. Other variables included the shape of cross~section, prestress
level, amount of longitudinal reinforcement, concrete strength, and type
of loading. All of the test beams had basic cross-sectional dimensions
of 6 by 12 in., although two beams had a composite slab 24 in. wide and
2 in. deep cast on top. Rectangular beams and I-beams with a flange to
web width ratio of 2 or 3.43 were included. Prestress was provided with
wires which were either straight or were draped in straight line seg-
ments with the wires deflected under the load points. Most of the beams
were tested with two loads symmetrically located about midspan; however,
twelve beams were tested with a single point load. Seven beams were
subjected to loads which were applied successively at eleven points along
the span length, to simulate a moving load. Forty-three beams failed in
flexure, 36 in shear, 6 in shear at a load greater than the flexural
capacity, and 2 in bond. The beams were tested on shear span to effec-
tive depth ratios which ranged between 2.6 and 7.7. However, only 16
of the 36 beams which failed in shear had web reinforcement, and all of
these 16 tests were conducted on shear span to effective depth ratios
of less than 4. The types of shear failures observed were web crushing,
crushing of the concrete in the compression zone above the top of an
e.
".
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inclined crack, separation of the tension ~lange from ih~ rest of the
beam, and stirrup fracture. Recommendations for design based on these
(18) . (19)tests were made by MacGregor and Hernandez, Sozen, and:S~ess ,
which evaluate ultimate shear strength as the sum of the vertical
forces in the web reinforcement crossed by an inclined crack, assuming
that the web reinforcement has yielded and that the horizontal projec-
tion of the inclined crack is equal to the effective depth of the beam,
and the shear carried by the concrete, assumed to be equal to the shear
at inclined cracking.
Shear tests of continuous composite pretensioned prestressed
beams have been reported by Mattock and Kaar(20). Their test program
was designed to investigate the influence on ultimate shear strength
of the amount of vertical web reinforcement and the location of the ap-
plied loads. The beams were 1/2 scale models of AASHO-PCI Type III
prestressed bridge girders on which a composite slab 39 in. wide and 3
in. deep was cast. Prestress was provided by 1/4 in. diameter seven-
wire strands which were straight throughout the beam length. The beams
were loaded by three point loads simulating the distribution of axle
loads of a standard H20-Sl6 design vehicle. Tests were conducted in
which the ratio of the distance between the rear axle of the design
vehicle and the continuous reaction to the effective depth of the beam
varied between 1 and 4.5. Thirteen of the test beams. failed in shear,
one in flexure, and one failed in horizontal shear at the contact sur-
face between the composite slab and the beam. All of the shear failures
were similar and were due to crushing of the concrete in the web. The
analysis of the test data indicated that the conditions at failure were
'.
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influenced more by the relative location of the load and the support
than the moment to shear ratio at the critical section. The data also
indicated that the increase in strength beyond the inclined cracking
load did not vary linearly with an increase in the amount of web rein-
forcement. An empirical expression was derived which related the in-
crease in strength beyond inclined cracking to concrete strength, amount
of web reinforcement, and the relative location of the load and support.
For design, a simplified expression was presented which was similar to
the equation recommended by MacGregor.
1.3 OBJECT AND SCOPE
The degree of safety that a concrete structure has against
failure cannot be evaluated from concepts which limit the stress within
the structure to specified allowable values. The degree of safety, and
therefore the adequacy of the design, depends only upon the magnitude
of load causing some response which is incompatible with the intended
purpose of the structure. The limiting response may be either a static
or fatigue failure, a condition of instability, or an excessive deflec-
tion. For typical prestressed concrete bridge structures, the degree
of safety generally depends upon the static ultimate strength of the
structure. However, as the magnitude of axle loads, number of repeti-
tions, and overloads on bridge structures increase, the degree of
safety may depend on thefatiguestrength.df thestrueture.
The difficulty in defining the degree of safety that a pre-
stressed concrete beam has when shear is critical is evident from the
.
>
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large number of investigations cited in Section 1.2, from which only
empirical equations for predicting static ultimate shear strength have
been presented. The reasons for this difficulty are also evident.
Shear is not a problem in prestressed beams until inclined cracking
occurs. When inclined cracking does occur, the behavior of the member
is completely changed. Additional load carrying capacity is dependent
upon the amount of web reinforcement provided. If shear is critical,
inclined cracking leads to a shear failure, which may occur in many dif-
ferent ways.
The objective of this investigation is the evaluation of static
ultimate shear strength in prestressed concrete beams. The two principal
variables are the amount of web reinforcement and the shear span to
effective depth ratio. Other variables, in particular concrete strength
and prestressing, were held as nearly constant as possible. Thirty-
eight tests on 23 simply-supported I-beams which are representative of
precast prestressed girders used in Pennsylvania are presented and
analyzed. Based on the results of these and other tests, a method is
recommended for predicting the ultimate shear strength of prestressed
concrete bridge girders with web reinforcement.
While this investigation is similar to the other investigations
of prestressed beams with web reinforcement discussed in Section 1.2, the
tests reported herein have several significant features. Both concen-
trated and uniform load tests are included. Shear failures were obtained
in all but one of the concentrated load tests, on shear span to effective
depth ratios which ranged between 2.12 and 7.76. Twenty-four of the 35
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shear failures obtained in the concentrated load tests occurred on
shear span to effective depth ratios greater than 4, which is the range
in which the fewest shear failures have been reported in the literature.
The 35 shear failures were obtained in tests on 21 beams, by means of a
reloading procedure which made it possible to obtain two tests on 15 of
the beams. In addition, on three of the reload tests, the length of
the shear span was increased so as to partially eliminate the restraint
that the load point may have had on the critical inclined crack. Shear
failures were obtained in both uniform load tests, on span to effective
depth ratios of 10.6 and 14.8. Instead of simulating a uniform load by
placing concentrated loads close together, a very nearly ideal uniform
load was achieved by introducing the load into the test beams through
fire hoses filled with water.
-,
2. TEST SPECIMENS
2.1 DESCRIPTION
The doubly symmetric I-shaped cross-section used for all
twenty-three beams had a flange width of 9 in., a total depth of 18
in., and a flange to web width ratio of 3. An elevation view of the
test beams, referred to as the F Series, is shown in Fig. 1. The
properties of the cross-section, based on the concrete section and the
transformed section, are also given in Fig. 1. A ratio of 6 between
the modulus of elasticity of the steel and concrete was assumed to de-
termine the transformed section properties.
The total length of each beam consisted of a test span and
two adequately reinforced anchorage regions of one ft length at each
end. Except for the uniformly loaded beams, F-17 and F-18, the test
span was divided into three regions, designated as A, B, or C, in which
different amounts of vertical web reinforcement were provided. Size
and spacing of the web reinforcement are given in Table 1. A useful
parameter for comparing the amount of web reinforcement provided is the
vertical web reinforcement ratio, based on the web width, times the
yield point of the stirrups, or rf /100. Values of rf /100 for they y
critical region in each test are given in Table 1. In the two uniform-
ly loaded test beams, only one size and spacing of web reinforcement
were used throughout the test span. Each stirrup consisted of either
one or two U-shaped bars, referred to as S or D,. respectively. Where
only one bar was used, each successive bar was placed so that the U
opened to the opposite side of the test beam.
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Prestress was provided by six 7/16 in. diameter high tensile
strength strands which were straight throughout the length of the test
beams, giving a longitudinal reinforcement ratio of 0.64 percent. Each
strand waspretensioned to a nominal initial force of 18.9 kips, pro-
viding a total initial design prestress force of 113.4 kips. Assuming
losses df 8 ~ercent in the prestress force at transfer, the initial
stresses in the top and bottom concrete fibers, based on the trans-
formed section and neglecting dead weight, are 210 psi tension and 2150
psi compression, respectively.
2.2 MATERIALS
The strength of concrete was not a variable in these tests.
Consequently a mix was selected which was considered representative of
the high strength type of mix used by commercial prestressing plants.
The mix, containing 7.5 bags per cubic yard of National Cement Co.
brand Type III portland cement, was obtained from a local ready-mixed
concrete supplier. Proportions by weight of the cement to sand to
coarse aggregate were 1 to 2 to 2.2. The sand was obtained by the sup-
plier from a natural sand deposit located at Upper Black Eddy, Pa. The
coarse aggregate, graded to 3/4 in. maximum size, was crushed limestone
obtained by the supplier from Bethlehem Steel Co. Gradation curves,
shown in Fig. 2, were determined from samples of the sand and crushed
limestone obtained at the concrete plant. The fineness modulus of the
sand was 3.1. The mix was delivered in a ready-mix truck in one cubic
yard batches, and was dry mixed at the laboratory before water was
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added. Slump for all of the mixes varied between one and one half and
four inches.
Each test beam was cast from a different batch of concrete.
Compression tests were conducted on 6 by 12 in. cylinders, which had
been taken from each batch of concrete, to determine the ultimate com-
pressive strength of the concrete, f', associated with the test beams
c
at the time of prestress release and at the time of test. Strains
were measured on selected cylinders with a compressometer to determine
the shape of the stress-strain curve for the concrete and the initial
modulus of elasticity of the concrete at the time of test.
As a measure of the tensile strength of the concrete, modulus
of rupture and splitting tensile tests were conducted to determine the
rupture strength of the concrete, fl, and the splitting tensile strength
r
of the concrete, f' associated with the test beams at the time of
sp'
test. The modulus of rupture tests were conducted on plain concrete
beam specimens having a 6 by 6 in. cross-section. and loaded at the
third points of a 30 in. span. The splitting tensile tests were,con-
ducted on standard 6 by 12 in. cylinders. Strips of plywood ·about 1/8
in. thick, 1 in. wide, and 12 in. long were placed on the diametrical
upper and lower bearing lines of the cylinder to ensure uniform bearing
in the splitting test.
The age and strength properties of the concrete described in
the preceding paragraph are presented in Table· 2. The ultimate com-
pressive strength of the concrete in the test beams at test, as deter-
mined from the cylinder tests, ranged between 5790 and 7410 psi; the
f'
•
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average value of f' for all of the test beams was 6560 psi. Thec .
values of f' at transfer and E and f' at test are an average of three
c c r
tests. The values of f' and f' at test are an average of six or more
c sp
tests. As representative stress-strain curves of the concrete, the
results of the three compressometer tests associated with F-14 at test
are shown in Fig. 3.
Uncoated stress relieved 270 ksi strand, meeting the require-
ments of ASTM A4l6-59 specifications, was used for prestressing. The
7/16 in. diameter strand was manufactured and donated to the project
by Bethlehem Steel Co. A tension test on the strand was conducted in
the laboratory, from which the load-strain curve shown in Fig. 4 was
plotted. The strand failed in the grips at an ultimate load of 29.6
kips and a strain of 2.32%. A strand test report by the manufacturer
stated that the strand had an area of 0.1113 sq. in., and failed in a
tension test at a breaking load of 31.0 kips and a strain of 6.32%. The
surface of the strand was free from rust.
The web reinforcement was fabricated from hot rolled No. 3 or
No.2 deformed bars, or from annealed 3/16 in. diameter deformed masonry
bars. The No.3 bars were received in two lots. Tension tests were
conducted on six randomly selected specimens taken from each lot. The
average yield point, f , and ultimate tensile strength, f , determinedy u
from the two lots agreed within one percent. Individual test values
differed from the average by a maximum of 3 percent. Consequently the
combined average values of f equal to 52,200 psi and f equal toy u
78,300 psi, based on an area of 0.11 sq. in., were used in all calcula-
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tions. A typical stress-strain curve for the No.3 bar is shown in
Fig. 5(a).
The No.2 deformed bars were received in a single lot. A
total of twelve tension tests were conducted on randomly selected speci-
mens. Based on an area of 0.049 sq. in., the average value of f was
. y
,
59,500 psi and the average value of f was 85,700 psi. Individual test
u
values again differed from the average by a maximum of 3 percent. A
typical stress-strain curve for the No.2 bar is shown in Fig. 5(b)~
After an extensive investigation, which included more than
40 tension tests on 7/32 in. diameter hot rolled annealed smooth bars
and 8 and 10 gage cold drawn annealed wire specimens, 3/16 in. diameter
deformed masonry bars were selected for the stirrups in the beams with
the smaller amounts of web reinforcement. The deformed masonry bars
were manufactured from ASTM A82-34 cold drawn steel wire by Dur-O-Wal
Products, Inc., and were donated to the project. The bars were re-
ceived in straight pieces 10 ft in length. Since A82-34 steel wire
has a high yield strength and low ductility, it was necessary to anneal
this wire to obtain stress-strain characteristics comparable.to the No.
3 and No. 2 hot rolled deformed bars. A total of 45 tension tests were
conducted to determine which of three heat treatment temperatures -
1100, 1200, or 1300 degrees Fahrenheit - and which of two processes -
air cooled or furnace cooled - were most acceptable. Based on these
tests, the annealing treatment of 1 hour at 1100 degrees Fahrenheit
followed by air cooling was selected. Since the size of the electric
furnace limited the number of specimens, each 2 ft in length, which
••
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could be heat treated at one time to approximately 30, it was necessary
to break the bars up into 14 different lots. After the heat treatment,
. 3 or 4 specimens from each lot were tested to determine f and f . They u
average values of f and f determined for each lot agreed within 5
. y u
percent. Individual test values differed from the lot average by a
maximum of 4 percent .. Consequently the combined average values of f y
equal to 41,200 psi and f equal to 56,000 psi, based on a net area of
u
0~0234 sq. in., were used in all calculations. A typical stress-strain
curve for the 3/16 in. diameter deformed masonry bars after the anneal-
ing treatment is shown in Fig. 5(c). Before being fabricated into
stirrups, the bars were placed in a heated pickling bath consisting of
half hydrocloric acid and half water just long enough to loosen the
mill scale resulting from the annealing operation. The loose scale was
removed with a wire brush, after which the bars were rinsed in water,
dried, and stored until used.
From Fig. 5 it can be seen that all three types of web rein-
forcement have similar stress-strain characteristics. However, the
stress-strain curve for the 3/16 in, diameter annealed masonry bar ex-
hibited an erratic yield plateau. Also, a 3 minute stop in loading
indicated a lower yield point approximately 10 percent less than f ,y
compared to a similar reduction of only approximately 5 percent infy
for the No.3 bar. These effects are believed due to the cold worked
deformations in the masonry bar, whereas the deformations in the No.3
and No. 2 bar were introduced in the rolling operation. A rate of load-
ing of either 0.05 or 0.1 in. per minute until the onset of strain
hardening was used for all of the tests. After strain hardening the
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rate of loading was increased to 0.2 in. per minute or greater.
2.3 FABRICATION
The test beams were made in a prestressing bed set up on the
laboratory test floor, the essential features of which have been des-
cribed in a previous report(5). The sequence of operations was as
follows: tensioning the strands, positioning the web reinforcement,
form erection, casting the concrete, curing, form removal, instrumen-
tation, and prestress release.
The strands were tensioned to approximately the desired value
of 113.4 kips using two 50 ton mechanical jacks. If required, the ten-
sion in individual' strands was adjusted by means of a special hydraulic
jacking arrangement. The tension was measured by means of load cells
placed on each strand, and the average variation from the desired value
of 18.9 kips per strand was less than 0.2 kips.
The web reinforcement was tied to the strand with 14 gage
wire. In addition, wire ties were used between successive projecting.
elements of the stirrups in the compression flange area and at approxi-
mately the mid-depth of the beam, in order to prevent movement of the
stirrups during the casting operation.
Steel forms with 7 gage side plates bent to the shape of the
section were used to cast the test beams. Dimensional checks made
after the test beams were removed from the forms indicated that cross-
sectional dimensions were maintained to within 1/16 in., and consequently
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the nominal dimensions of the cross-section were used in all calcula-
tions.
The concrete was brought from the ready-mix truck to the
forms in steel buggies and shoveled into the forms. The concrete was
placed in two layers, the first layer extending approximately to the
mid-depth of the beam. Eighteen or more standard concrete cylinders
in waxed cardboard molds with tin bottoms and three 6 by 6 by 36 in.
modulus of rupture specimens in steel forms were cast with each beam.
The concrete in both the test beams and the modulus of rupture speci-
mens was vibrated; the cylinders were rodded.
All specimens were covered with wet burlap and plastic sheet-
ingfor a period of 4 days, after which the forms were removed. After
the surface of the test beams had dried Whittemore targets, described
in the next section, were positioned on the test beams. The prestress
force was slowly transferred into the test beams on the fifth day
•
after casting, following which the beams, modulus of rupture specimens,
and cylinders were stored in the laboratory until tested.
2.4 INSTRUMENTATION
Deformation data was taken on all of the test beams with a
.5 in. and a 10 in. Whittemore Strain Gage. Two different types of gage
points were used. For the first few test beams in the series, the gage
points were made by cutting 1/16 in. aluminum plate into 3/8 in. square
pieces. Prior to cutting, each individual target was center punched
..
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and drilled with a No. 56 drill. For subsequent test beams more satis-
factory brass plugs were obtained which were 7/32 in. in diameter and
3.132 in. in thickness. The brass plugs were placed in a jig and drilled
with a No. 1 center drill. In either case, the drilled holes did not
go completely through the target. The targets were cemented to the
test beams with an epoxy resin known as Armstrong Adhesive A-6.
Type Al SR-4 electric strain gages were used to measure com-
pressive strains on the top surface of F-20, F-2l, and F-22. The gages
were bonded to the concrete surface' with Duco cement. A portable grind-
er was used to smooth the concrete surface before the gage was applied.
2.5 PRESTRESSING
The initial prestress force, F., was measured by means of pre-
~
calibrated load cells placed on each strand, and is given in Table 3.
Data was taken to determine experimentally the losses in the prestress
force after transfer and at the time of test. This was determined from
Whittemore readings taken on the surface of the test beams, using the
targets shown in Fig. 1. Readings were taken just prior to transfer of
the prestress force into the test beams, immediately after transfer, and
again ju~t prior to the actual testing of the beam. The difference be-
tween these readings, converted to concrete strain, was plotted against
location along the length of the test beam. A typical example of this
work is shown for F-14 in Fig. 6 .
Assuming that the concrete strain measured on the surface of
the test beam at the cgs is equal to the average strain loss in the
••
•
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strand, the loss in the prestress force can be determined from the
stress-strain curve of the strand. Losses in the prestress force after-
transfer and at the time of test determined in this manner are given in
Table 3. Based on these losses the prestress force in each beam at the
time of test, F, was established, and is given in Table 3.
The plot of concrete strain along the cgs was also used to
estimate the distance from the ends of the beam to the point at which
85 percent of the prestress force was effective. Transfer distances
for all of the test beams determined in this way are given in Table 3.
Whittemore readings on the targets 1 in. below the top fibers
were used in conjunction with the readings along the cgs to det~rmine
the strain distribution in the test beams after transfer and at test.
An example of this work is shown in Fig. 7 for F-14. Assuming that
each strand was initially prestressed to the nominal value of 18.9 kips,
corresponding to a strain of 0.652 percent, the effective strain in the
strand located at level 2 in F-14 would be 0.652 minus 0.131, or 0.521
percent. The effective prestress strain at all three strand levels
was determined for all of the test beams, and is given in Table 4.
.,
..
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3. CONCENTRATED LOAD TESTS
3.1 PROCEDURE
Concentrated loads were applied to all of the test beams ex-
cept F-17 and F-18. Two different loading arrangements were used. All
of the concentrated load tests except F-20, F-2l, and F-22 were loaded
using the arrangement shown in Fig. 8. These beams were first tested
using a two point loading system which provided a constant or nearly
constant moment region in the center of the beam. Using this arrange-
ment, shear failures occurred in Region B for every test except F-9, in
which case the shear failure occurred in Region A. After completion of
the first test, the physical appearance of the part of the beam away
from the failure region indicated a high degree of recovery. Flexure
and shear ,cracks were closed, and noticeable camber remained. Conse-
quently a second test was conducted on the remaining intact part of all
of these beams except F-6, F-15, and F-16, using'a single point loading
. arrangement. Second tests of this type could not be carried out on F-6,
F-15, and F-16 because the length of Region Cwas too short. Shear
failures were obtained in Region A for every second test except F-9, .
in which case the shear failure occurred in Region B.
The concentrated load ,tests onF-20, F-2l, and F-22 were carried
out using the arrangement shown in Fig. 9. The three point loading,system
provided a short constant moment region adjacent to Region B. Failures
occurred in this region in all three tests •
Additional tests - 'second tests on F-20, F-2l, and F-22 and
additional tests on the other beams subjected to concentrated. loads -
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were carried out whenever a sufficiently large intact part of the beam
remained. However, the shear strength of the beams in the majority of
these tests was. less than expected in comparison to the tests described
in the preceding paragraphs. This reduced shear strength was attributed
to yielding of the strand in preceding tests, inclined cracks developing
across existing flexural or inclined cracks, and loss of flexural bond
strength. Consequently none of these test results are included in this
report.
Loads were applied in a 300,000 lb capacity Baldwin testing
machine having a 30 in. square table and a maximum of 72 in. of vertical
testing space between the table and head. The test beams were set on
top of a heavy built-up steel base beam approximately 22 in. in depth.
Load was introduced into the test beams through steel top beams approxi-
mately 8 in. in depth. Details of a typical set-up are shown in Fig. 10.
Load waS applied in increments of approximately 5 percent of
the load expected to cause failure. The load increment was reduced
when near loads at which flexural cracking, inclined cracking, or fail-
ure was expected. Following the failure in the first test, the beam was
removed from the testing machine. Sledge hammers were used to b~eak up
the concrete in the failure region, and the strand and any web reinforce-
ment not fractured in the first test were cut by an acetylene torch. The
remaining part of the beam was replaced in the testing machine and the
second test started. A complete test on a beam took approximately 8
hours to complete. Cylinder and modulus of rupture specimens were tested
immediately after the beam test.
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Load deflection readings were taken after the application of
each load increment by means of level readings on targets graduated to
the nearest .01 in. The targets were attached to the web of the beam
with double stick tape at each support and at the centerline of the test-
ing machine. Measurements from the end of selected beams to masking
tape attached to the protruding strand were used to check if strand slip
occurred. Whittemore readings were taken at selected load levels during
the first test, and just prior to starting the second test. A record was
kept of the loads at which flexural and inclined cracking was observed
and at which failure occurred. The development of the crack patterns
waS marked on the test beams after the application of each load increment.
Photographs were taken during and after testing.
3.2 PRINCIPAL TEST RESULTS
The lengths of the shear spans and the principal results of the
first tests conducted on beams subjected to concentrated loads are pre-
sented in TableS. M is the maximum applied load moment in the test
cr
beams at the time that flexural cracking was. first observed. V. is
~c
the shear, in the respective shear span, causing the formation of signi-
ficarit inclined cracking which ultimately was associated with failure.
Close attention was directed to the selection of the inclined cracking
shears, and the values selected are discus~ed in detail in Section 3~3.
Inclined cracki.ng shears were not selected for F-20, F-2l, and F-22 be-
cause the failure was different than the other beams. V is theulti~
u
mate shear i.n the critical shear span, which was Region B in every case
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except F-9, in which case a shear failure occurred in Region A. The
values of V. and V in Table 5 are applied, load shears. Modes, of
~c u
failure are indicated by WC for web crushing, SF for stirrup fracture,
SC for shear compression, and F for flexure. The failure mechanisms
are described in detail in Sections 3.3 and 3.4. No strand slip was ob-
served in any test.
Span lengths and results of the second tests conducted on the
beams subjected to concentrated loads are presented in Table 6. The
ultimate shear, V , in the shear span in which the failure occurred
u
waS in Region A in every case except F-9, in which case the failure
occurred in Region B. In addition to the types of failures observed
in the first tests, failures were observed in the second tests which
were due to shearing of the compression flange, indicated by CF.·
3.3 BEHAVIOR AND MODES OF FAILURE (FIRST TESTS)
Prior to the detection of any cracking, the response to load
waS essentially linear~ Except for F-l, cracking manifested itself by
the appearance of flexural cracks in the constant or nearly constant
moment region of the beam. With additional load, inclined cracks formed
in the shear spans of the test beams. Inclined cracking appeared in the
relatively short shear spans of F-l prior to the development of any
flexural cracking in the beam.
The general characteristics of the behavior of the test beams
are indicated by the load-deflection curves in Fig. 11. These curves
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are grouped according to the critical shear span. Each group associa-
ted with a particular shear span is arranged from left to right by de-
creasing amount of web reinforcement, indicated by the value of rf /100y
in parenthesis after the beam number. The function of load against
which the deflection is plotted is the applied load shear in the criti-
cal shear span.
Direct comparison of the load-deflection curves is difficult,
because the span length was different for many of the test beams. For
example, although F-2 had more web reinforcement than F-3,the deflec-
tion at failure is less than for F-3 primarily because the span length
is shorter. Furthermore, the deflection was always measured at the cen-
terline of the testing machine, which was not in all cases at mid-span.
For F-9, F-ll, F-13, F-16, and F-19, the centerline of the testing ma-
chine was 5 in. from the mid-span of the test beam. However, all of the
load deflection curves exhibit similar characteristics. With the excep-'
tion of F-15, the initial part of the curves up to approximately one-
half of the ultimate load are linear, corresponding to the uncracked
loading range on the test beams. The load-deflection curve for F-15
shows an unusual kink at a shear of approximately 4 kips, which may
have-. been due to experimental error.
The sharpest change in slope in the load-deflection curves
occurs just after flexural cracking which, for all of the test beams
except F-l, marks the transition from the uncracked to cracking load-
ing range. Following the transition region, the load-deflection curves
become quasi-linear to failure.
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The loads at which flexural and inclined cracking occurred
have been marked on the load-deflection curves of F-l, F-3, F-5, F-10,
F-14, and F-16, indicated by FC and IC, respectively. The shears at
flexural cracking occur at the same relative position on the load-de-
flection curves; that is, the flexural cracking generally occurs just
after a slight amount of curvature can be detected at the end of the
linear region of the load-deflection curve. The shears at inclined
cracking, however, occur at no particular place in the load-deflection
curve. In general, the load indicated on the testing machine would drop
off noticeably when inclined cracks formed. However, inclined cracking
did not cause any abrupt change .in the slope of the load-deflection
curve.
Pres.tressed beams without web reinforcement fail at loads close
to the load causing significant inclined cracking. Thus it is evident
from the load-deflection curves that the presence of web reinforcement
in general not only increases the ultimate capacity but also permits
the beam to sustain a greater deflection. This latter characteristic
is particularly important because it is a measure of the ductility of
the member.
Flexural cracking occurred in the test beams when the stress in
the bottom fibers in tension reached values which are normally associated
with the tensile strength of the concrete. The flexural cracking was
characterized by its initial development to a level which varied between
the lower strand and the mid~depth of the beam, but in general was near
the center of gravity of the strand. Spacing between flexuril cracks
varied between 1 and 8 in. However, cracks which formed closer together
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than approximately 2 in. would usually merge, or the further develop-
! /
/
ment of one of the two cracks would be circumvented. There was a defi-
nite tertdency for the predominant flexural cracks to be located close
to vertical stirrups for stirrup spacings up to approximately 7 in.
Sketches of the crack patterns in the test beams at the shear
causing significant inclined cracking, V. , are shown in the elevation
~c
views in the Appendix. The sketches were reconstructed from photo-
graphs taken during testing. The applied load shear causing the in-
clined cracking is indicated by the reaction, and all cracking which had
occurred in the test beam to that load is shown by heavy solid lines.
Note, of course, that each end of each te~t beam could and in general~
did have a different inclined cracking load.
,
The load at which flex-
. .
ural cracks in the sketches were first observed is indicated by the
value of shear in the shear span written directly below the crack. If
the crack extended downward from the web to the bottom fib~rs there is
no value of shear written below it. The location of the vertical web
reinforcement is shown in the conventional manner.
Critical inclined cracking was not considered to have occurred
until the second test on theA end of F-IO and F-12. For these two
cases, cracking which occurred during the second te'st is indicated by
the heavy dashed lines.
Principal tensile stresses and the slopes of the compressive
stress trajectories were calculated, using the properties of the trans-
formed section, at the intersection of the grid lines within the shear
span and the junction of the web and top flange, the mid-depth of the
-34-
beam, and the junction of the web and bottom flange. It was assumed
that the state of stress in the web was'defined by a horizontal normal
stress and a shearing stress, and that the vertical normal stress was
zero. Therefore the principal tensile stress was determined from the
equation:
where the normal stress was calculated from:
, (1)
f = F ( eyI
1
A) (2 )
and the shearing stress was calculated from:
v =
(V. + Vd)Q
~c
Ib' (3 )
"
Flexural stresseg were als6 calculated at the intersection of the grid
lines and the bottom fibers using Eq. 2. The origin of the coordinate
system referred to in Eq. 2 is taken at the intersection of grid line 2,
shown in Fig. 1, and the center of gravity of the transformed section,
X being positive when measured along the center of gravity in the direc-
tion of grid lines with increasing magnitude and y being positive up-
wards. The slope of the compressive stress trajectory was calculated
from:
8 = 1 -1 (~)'2 tan f (4 )
Light dashed lines in the s~ear span show the compressive stress tra-
jectories in the web of the test beams.
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Two bas~cally different types of significant inclined cracking
can be observed from the crack patterns shown in the figures in the
Appendix. For beams tested on shear spans of less than 50 in., inclined
diagonal tension cracking developed from an interior point in the web
of the beam. In general, a noticeable drop off in the load indicated
on the testing machine occurred when diagonal tension cracking developed.
Furthermore, the load at which diagonal tension cracking occurred was
somewhat time dependent, indicated by the fact that diagonal tension
cracking often occurred after the addition of a load increment, while
the load was being held constant to take data.
The diagonal tension cracking shown in the A end of F-2 illus-
trates the typical characteristics of this type of cracking. In forming
at a shear of 34.0 kips, the crack traversed the entire depth of the
web, and consequently was nearly fully developed at the same load as it
first appeared. Since there was no flexural cracking in the vicinity
of the diagonal tension cracking, the state of stress in the web indi-
.cated by the principal tensile stresses and the compressive stress tra-
jectories must be closely representative of the state of stress causing
the inclined cracking. If the variation in principal tensile stresses
along the path of the crack is estimated by interpolation, it is evident
that the maximum principal tensile stress occurs close to the center of
gravity of the beam. Furthermore, this maximum p~incipal tensile stress
has a magnitude comparable to the modulus of rupture and splitting ten-
sile strength of the concrete given in Table 2. The slope of the path
of the crack also appears to have a close association with the slope of
the compressive stress trajectory. Therefore this type of inclined
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cracking is due to excessive principal tensile stresses in the concrete,
as inferred by the designation of diagonal tension cracking.
Another important feature of the diagonal tension cracking
shown in the A end of F-2 is that this crack remained the critical
crack in the shear span,and was primarily responsible for failure at
a shear of 48.0 kips. In contrast, the principal diagonal tension crack
in the A end of F-3 appears to have formed somewhat prematurely, having
been influenced by the moment, and thus formed more closely toward the
load point. It is significant, however, that it was the least developed
of the three cracks shown in this shear span which continued to grow and
which became the critical crack in causing the shear failure. In fact,
when the shear had been increased from 31.0 to 34.0 kips this particu-
1ar crack had extended completely across the web of the beam, and was
very similar to the diagonal tension crack in the A end of F-2. A simi~
1ar case, except that the diagonal tension crack formed unusually far
back toward the reaction, is shown in the B end of F-X1. In this case
. .
the crack which completely traversed. the web appeared first at a shear
of 28.4 kips, and was immediately followed by the development of several
short cracks at the junction of the web and top flange. The relatively
low stresses in the web indicates that the cracking occurred somewhat
prematurely. However, there is no indication from Table 3 that the trans-
fer distance is any longer than usual, and therefore 'the crack was probably
caused by a weak or non-uniform region in the concrete. S.ignificant1y,
one,of the several short cracks extended across the web suddenly at a
shear of 32 kips, and was critical in causing the shear failure.
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Actually, all of the diagonal tension cracking was probably in-
fluenced to a degree by non-uniform conditions in the web. The narrow-
nes·s of the web and the large amount of longitudinal reinforcement re-
quired substantial vibration to get the concrete down into the beam.
Furthermore, the concrete in the beams was placed in two layers, with
the lower layer extending approximately to the mid-depth of the beam.
The time required to place the concrete in the beams was approximately
30 minutes, so that there was little opportunity for conditions associa-
ted with a cold joint to occur. When the upper layer was placed, the
vibration was carried through the upper layer and into the lower layer.
Consequently the concrete in the web of the beam was generally subjected
to an excessive amount of vibration, and this was evidenced by the numer-
ous small randomly located shrinkage cracks in the web in many of the
test beams. These shrinkage cracks were almost undetectable when there
was no load on the beam. However, when approximately three-fourths of
the load which would cause diagonal tension cracking had been applied to
the beams, these shrinkage cracks would open up slightly and could be
easily seen.
Another phenomenon associated with diagonal tension cracking
was the sound which occurred with the formation of the crack. When in-
clined cracking would occur at relatively low levels of tensile stress
in the web, the sound of the crack developing was almost indistinguish-
able. But when the inclined cracking would occur at relatively high
levels of tensile stress in the web, there was a very definite noise
associated with cracking, somewhat like a sharp sliding slap of the
l
hands.
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For beams tested on shear spans of 80 in •. or greater, inclined
cracking would deveLop from flexural cracks. A good example of this
type of cracking, which will be referred to as flexure shear inclined
cracking, is s~own in the B end of F-16. This type of cracking was
characterized by its association with a flexural crack, which would de-
velop vertically up to approximately the cgs and then turn and become
inclined in the direction of increasing moment. The path of the inclined
crack, as it traversed the web, roughly followed the direction of the
compressive stress trajectories. Furthermore, flexure shear cracking
re!llained in the vicinity of the load point, because. the tensile stresses
in the web were not high enough to precipitate spreading of the cracking
throughout the shear span.
In general, the development of significant flexure shear crack-
ing was very rapid. As can be seen from the B end of F-16, going from
a shear of 16 kips to 17 kips resulted in the development of a flexure
shear crack which extended completely across the web. However, in the
A.end of F-16, going from a shear of 17~6 kips to 18.7-kips resulted in
the development of a flexure shear crack which extended only up to the
mid-depth of the beam. In this case, however, the crack extended com-
pletely across the web with the application of the next load increment,
bringing the total shear up to 19.9 kips.
Selecting a particular value of shear as the significant flex-
ure shear inclined cracking load was a difficult problem. Looking again
at the A end of F-16, it is evident that at a shear of 15.4 kips cracks
had developed within the shear span which were flexure shear cracks.
•\
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Also, if the crack pattern in the A end of F-16 had been drawn after
the shear had been. increased to 19.9 kips it would show additional flex-
ureshear cracks developing between grid lines 7 and 8. The criteria on
which the selection of V. in Table 5 was based was that the inclined
~c
crack had to be definitely associated with the mechanism causing the
shear failure. This was accomplished by studying photographs of the
test beams taken before and after failure.
Inclined cracking which occurred in beams tested on shear span~
of 50, 60 and 70 in. showed characteristics which, in different cases,
could be associated with either diagonal tension or flexure shear crack-
ing. Consider as an example the 70 in. shear span of the B end of F-10.
The inclined cracking which occurred at the shear of 24.8 kips must
have started from an interior point in the web of the beam, and conse-
quently was characteristic of diagonal tension cracking. It is very un-
likely that the flexural cracks shown adjacent to grid line 6 formed be-
fore the inclined cracks in the web, because of the low values of stress
in the bottom fibers at the location of the cracks. Rather it is more
. likely that the three flexural cracks in the regions of grid lines 5
and 6 formed after the inclined cracking in the web, as the result of
the increased stress in the strand where the strand is crossed by the
inclined crack. This same phenomenon can be seen in the sketches of
several other crack patterns. However, before any conclusion is drawn
that the inclined cracking in the B end of F-10 is diagonal tension
cracking, it should be noted that the indicated principal tensile stresses
in the web are lower than values which are normally associated with this
type of cracking. The reason for this is that these are not true principal
••
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tensile stresses which should be associated with the cracking. Rather,
in the region in which the inclined cracking must have started, which
is between grid lines 6 and 7, the state of stress in the web was sub-
stantially influenced by the flexure shear crack which had formed at a
shear of 20 kips.
As another example, consider the 50 in. shear span of the A end of
F-4. It is evident that the inclined cracking in the shear span must
have initiated from an interior point in the web of the beam. Further-
more, the magnitudes of principal tensile stresses in the web are great
enough to have caused diagonal tension cracking. However, the flexural
crack to the left of grid line 6, which appears to have formed before
the inclined cracking because of the high value of stress in the bottom
fibers, probably precipitated the inclined cracking by acting as a
stress raiser. in the web above the flexural crack.
In five of the first tests on beams with relative· small amounts
of web reinforcement, failures occurred at the inclined cracking load.
These failures, although they occurred suddenly and were catastrophic
in those cases where the web reinforcement was fractured, did not occur
at the instant the failure load was reached. Rather there was a period
of up to several minutes after the last increment of load has been ap-
plied before· failure occurred. During this period additional inclined
cracking sometime.s formed in the web •
In the remaining tests, enough web reinforcement had been pro-
vided to effect a re-distribution on forces in the beam after inclined
cracking, and consequently a higher shear could be applied. For beams
-41-
in which di.agonal tension cracking had occurred in the vicinity of a
line extending from the reaction to the concentrated load point, rela-
tively little additional inclined cracking would occur. However, if
diagonal tension cracking had not occurred in this vicinity, additional
cracking would usually form in this region as higher shears were applied.
For beams in which flexure shear cracking had occurred, additional flex-
ure shear inclined cracks would form if the stress in the bottom fibers
back toward the reaction became high enough to cause a flexural crack.
As the failure load was approached, cracking located along a line ex-
}
tending from the reaction to the load point tended to predominate.
Whittemore readings taken at the cgs on both sides of some of
the beams provided an indication of the behavior between inclined crack-
ing and the ultimate load. Concrete deformation along the cgs obtained
in this way for two beams, F-4 and F-14, is shown in Figs. 12 and 13.
·Both iigures show a more erratic deformation pattern in the shear span
with the'· least amount of web reinforcement, Region B, although this. is
in part due also to the fact that the inclined cracking load was less
on this end of the beam than the other end. As may be seen from the
views of F-4 in the Appendix, the B shear span contained a single pre-
dominant inclined crack which initially formed at 32 kips and extended
almost the full length of the 50 in. shear span. This crack, crossing
thecgs between grid lines 2 and 3, was responsible for the peaked con-
crete deformation in this region, and indicates that the force· in the
strand had been suddenly increased by the inclined crack. Furthermore,
such a deformation pattern indicates the need for adequate bond length
from the point where the crack crosses the cgs to the end of the beam.
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Several inclined cracks formed ih theA shear span of F-4 at a shear of
33.4 kips. However, only the flexure shear crack which had extended
back down through the bottom flange had shown any appreciable effect
on the concrete deformation along the cgs at the shear of 34 kips.
The erratic nature of the deformation pattern in the B shear
span of F-14 is also due in part to the location at which the cracks
crossed the cgs. As may be observed from the figures in the Appendix,
inclined cracks crossed the cgs just to the right and left of the re-
gion bet'jeen grid lines 8 and 9. If the crack which is furthermost
from the load point had crossed the cgs to the left of line 8, the de-
formation patt~rn in Region B would not have the extremely sharp peaks
indicated, although it would still be more erratic than the deformation
pattern in Region A. Of significance is the observation that the de-
formations are of the same order of magnitude as they are between the
load points in the constant moment region, indicating that the force in
the strand in th~ she~r span is increased to approximately what it is
in the center of the beam.
Three different types of shear failures were observed "in the
first tests on beams subjected to concentrated loads. As indicated in
Table 4, eight of the failures were designated as we denoting that the
apparent cause of failure was crushing of the concrete in the web of the
beam. Ten failures were designated as SF to indicate that the apparent
cause of failure was fracture of the web reinforcement. Both the web
crushing and stirrup fracture· failures occurred as the result of in-
clined cracks which remained entirely within the shear span. In contrast
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the two failures designated as SC to denote shear compr~ssion,occurred
in the constant moment region adjacent to the shear span. These two
failures were caused by flexure shear cracks which had extended into the
constant moment region.
In general, the web crushing failures occurred gradually and
were non-catastrophic. An example of a web crushing failure is shown
in the 50 in. shear span of F-5 in Fig. 14.
In these and all subsequent photographs, the location of the
web reinforcement is indicated by dark vertical lines drawn on the web.
The lighter irregular lines mark the crack patterns. The cross marks
on the crack patterns show the extent of development of a particular
crack for the indicated value of shear in the shear span. Shears were
marked on the cracks to show the load and extent of development when
the crack was first observed, and thereafter to show any significant
further development.
Inclined cracking occurred in Region B of F-5 at a shear of
27.9 kips. Increasing the shear to 31.0 kips caused the crack to extend
to within a few inches of both the load point and the reaction, as can
be seen in Fig.. 14(a). Additional inclined cracking, shown in Fig.
14(b), appeared when the shear was increased to 32.2 kips. Immediately
an area of localized crushing developed above the top of this new in-
c1ined crack, at the intersection of the web and top flange and located
approximately at the center of the shear span. At the same time a
flexural crack developed in the top fibers above the area of localized
crushing. With these indications of failure, the load being carried by
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the tes't beam, as indicated by the testing .machine, dropped off about
10 percent. The load remained approximately unchanged as the beam was
deflected further by ,the testing machine, until finally a compression
failure occurred suddenly adjacent to the load point, as shown in Fig.
14(c). The compression failure, however, was anti-climatic.
Characteristics of the other web crushing failures were simi-
lar to the description above for F-5, except for F-6 and F-7. Pictures
after failure of F-1, F-3, F-6, F-7, and F-10,tested on shear spans
of 30, 40, 100, 60, and 70 in., respectively, are shown in Fig. 15.
F-7 was different from the other web crushing failures in that after
the failure had started and the load had dropped off about one-third,
the 4th stirrup from the support fractured, as can be seen from the
photograph. The stirrup fracture, however, was regarded as anti-c1i-
matico
Except for F-6, all of the web crushing failures in the first
tests occurred on shear spans of 70 in. or less. The web crushing
failure in F-6 occurred on a shear span of 100 in. The inclined crack-
ing running back toward the support first appeared at a shear of 19 kips,
causing the load indicated on the testing machine to drop off. However,
it was possible to reload to an ultimate shear of 19.1 kips before the
failure shown in Fig. 15 occurred suddenly. In this case the region
of localized crushing is almost directly over the reaction, and lower
in the web than for any of the other web crushing failures. This par-
ticular failure is similar to the failure observed in nearly identical
beams without web reinforcement in the E Series tests(7).
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In contrast to the web crushing failures, the stirrup frac-
ture failures occurred suddenly and were usually catastrophic. An ex-
ample of a stirrup fracture failure is shown in the 80 in. shear span
of F-13 in Fig. 16. Figure l6(a) shows the shear span after inclined ~
cracking, at a shear of 21.8 kips. Additional inclined cracking
formed at a shear of 23 kips. During this period the beam seemed un-
stable, because whenever inclined cracks formed in either the A or B
shear span the load indicated on the testing machine would drop off.
The amount of drop off would vary considerably. However, in every in~
stance it was possible to bring the load back up, until finally the
failure due to fracture of web reinforcement occurred which is shown
in Fig. l6(b), at a shear of 24.3 kips.
Characteristics of the stirrup fracture failures varied more
than for the web·crushing failures. Six additional stirrup fracture
failures on shear spans of 50, 80, 80, 100, and 110 in. for F-4, F-9,
F-12, F-15, and F-16, respectively, are shown in Fig. 17.
The shear failure in the 50 in. shear span of F-4, shown in
Fig. l7(a), was caused by fracture of the 4th stirrup from the support.
The fracture was located approximately 5 in." above the bottom of the
beam, where the inclined crack, which can be seen in that vicinity
from the picture, crossed the stirrup. In the 80 in. shear span of
F-9 shown in Fig. l7(b), failure occurred when the 16th through 20th
stirrups from the support fractured.
The failure in the 80 in. shear span ofF-12, shown in Fig.
l7(c), occurred when the 4th and 6th through 8th stirrups from the
•-46-
support fractured. In this case, however, there was some question as
to whether the failure-should be classified as web crushing or stirrup
fracture. When the ultimate shear of 23 kips was reached, the inclined
cracking closest to the support formed, although initially it did not
extend all of the way to the load point. However, at the same time
that the cracking formed, the load indicated on the testing machine
dropped off to approximately 21 kips of shear. After about 3 minutes
had elapsed with the beam holding this load, the sudden failure occurred-
due to fracture of the stirrups. Therefore the stirrup fracture fail-
ure did not occur at the ultimate load. However, since there waS no
observable sign of a web crushing failure in advance of the fracture
of the stirrups, the failure was classified as stirrup fracture.
The failures in the 100 and 110 in. shear spans of F-15 and
F-16 are shown in Figs. l7(d) and l7(e), respectively. The failure
in F~15 looks like the web crushing failure'in F-6. However, there
was no observable evidence of localized crushing in the web before
the failure suddenly occurred. Examination of the beam after failure
revealed that the 4th and 6th stirrups from the reaction had been frac-
tured. The failure in F-16 was confined to the vicinity of the load
point, with no cracking of any kind of evidence in the half of the
shear span closest to the reaction. Complete collapse of the test beam
occurred when the 10th through 13th stirrups from the support suddenly
fractured. These stirrups can be located by counting back from the
stirrup located at the centerline of the testing machine, indicated by
the adjacent scale, which is the 15th stirrup from the support.
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The sh9rtest shear span on which a stirrup fracture failure
occurred was the 50 in. shear span of F-4~ The greatest proportion of
the failures on the longer shear spans were stirrup fracture fai~ures,
although from the preceding description of the failures it is evident
that the division between web crushing and stirrup fracture failures
is sometimes indefinite. On all of the beams in which fracture of the
web reinforcement occurred, the particular stirrups which were fractured
are indicated in the figures shown in the Appendix by an X mark just
above the top flange and directly over the stirrup.
The failures in F-20, F-2l, and F-22, shown in Fig. 18, were
similar. in that the cause of failure was crushing of the concrete in
the compression flange in the. short constant moment region. adjacent to
the critical shear span. F-2lfailed sudden~y in flexure, which re-
sulted in complete collapse of the member. In contrast, F-20 and F-22
failed at moments 4 and 9 percent less, respectively, than the moment
causing failure in F-2l. While,the failures in F-20 and F-22 occurred
suddenly, the two beams did not collapse. In both cases the failure
stemmed from an inclined flexure shear crack which had originated in
the critical shear span. Consequently the failures in F-20 and F-22
were classified as shear compression.
Strain measurements on the extreme fibers in compression in
the center of the short constant moment regions of F-20, F-2l, and F-22
indicated that the strain at failure was approximately 0.50, 0.40, and
0.30 percent, respectively. These values, particularly the first two,
are greater than had been measured on similar beams in the E Series
-..
.,
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tests(7), and indicate that the short constant moment region resulted
in a strain concentration in the concrete fibers in compression. There-
fore the failures were probably influenced by the strain concentration.
However, the ultimate flexural capacity of an "under-reinforced" pre-
stressed beam is relatively insensitive'to the strain in the extreme
concrete fiber in compression, and so in the case of F-2l the only
likely effect on the test is an insignificantly smaller ultimate moment
than would have been obtained in a test on a beam with a longer constant
moment region. In the case of F-20 and F-22, flexure shear cracking
extended beneath the load point, and upon entering the region of the
strain concentration precipitated a somewhat premature failure.
It is also of significance, in looking at the pictures of the
failures in F-20 and F-22, to note that the web reinforcement provided
in the critical shear span had little or no effect on the ultimate
capacity. In both cases the critical flexure shear crack started approxi-
mately 8 in. from the load point. Consequently the first stirrup in the
shear span' probably was not effective in resisting the shear compression
failure.
3.4 BEHAVIOR AND MODES OF FAILURE (SECOND TESTS)
As previous noted, after completion of the first test on a beam
the physical appearance of the part away from the failure region showed
a high degree of recovery. A close examination indicated ,that the flex-
ural and shear cracks,were closed and noticeable camber remained, indi-
cating that substantial or even full prestress was retained in the beam.
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The only evidence· of any damage was cracking, which in several beams,
could be detected extending from the top fibers downward. In most cases
these were very fine cracks which occurred at a spacing of about 5 in.
and extended from 1 to,2 in. into the compression flange. These cracks
.. ',
had the appearance of tension cracks, and since the beams were designed
with a tensile stress of 210 psi in the top flange, it was considered
that the suddenness of the first test failure· induced these cracks to
form. In two beams, F-12 and F-14, a single crack located approximately
12 in. from the load point and directly over the top of an inclined
crack, had formed and extended downward from the top fibers to a depth
of between 3.5 and 5 in. This crack was closed when observed after the
first test, indicating that it must have formed as a consequence of the
first test failure.
Strain readings were taken on the Whittemore targets at the
level of the cgs after completion of the first test. The readings
were generally slightly larger than the same readings taken before the
start of the first test. The slight increase was attributed to the
fact that although the· flexural cracks were completely closed, they
could not be perf~ctly closed. However, it should be noted that if
the strand were yielded in the first test, it would be possible to have
an increase in strain indicated by the Whittemore readings which could
corre'Spond to a decrease-rather than an increase in the prestress force.
However" failures in the first tests were generally well below the ulti-'
mate flexural capacity.
-•
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Therefore, it was concluded that the conditions in the parts
of the beam away from the first test failure regio~ were good enough
to conduct a second test. This was done on all of the test beams ex-
cept F~6, F-15, and F-16. For these three beams the distance between
the load points was not sufficient to permit a second test.
The load-deflection curves in Fig. 19 of the beams subjected
to a second test have essentially the same characteristics as the load-
"(
deflection curves for the first tests shown in Fig. 11. These curves
are designated by beam number and amount of web reinforcement in paren-
thesis. The difference in relative slopes of the curves in the two
figures is due to the shorter span lengths of the-second tests. Also
the length of the initial straight line part of the curves are not as
o
long and shows more variation between beams than for the load-deflec-
tion curves for the first tests. Part of this is due to the cracking
from the first test; consequently the flexural cracks re-open sooner
in the second test. For those test beams in which the length of the
straight line part of the curve is particularly short, for example F-9
and F-19, it is possible that some yielding of the strand in the first
test and consequent loss of prestress force had occurred.
Only insignificant additional cracking occurred in loading the
critical shear span in the second test up to the maximum value of shear
that it had been subjected to in the first test. For those test beams
having the same length of shear span in the first and second test, the
cracking which occurred after the maximum shear in the first test had
been reached was similar to that which had been described for the first
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tests. For F-11, F-13, and F-19, in which the length of shear span had
been increased 10 in. in the second test, additional load caused some
branching from the tops of the inclined cracks toward the load point.
In the shear span in the second test which was the constant or
nearly constant moment region in the first test, inclined cracks devel-
oped across the flexural cracks. In general, this type of crack would
form at a load slightly greater than the load causing the flexural crack
in its. immediate vicinity to re-open.
In the fifteen second tests on beams subjected to concentrated
loads, five shear failures occurred in the compression region of the
concrete in the shear span, designated as CF in Table 6. The remaining
ten failures were similar to those which occurred in the first tests,
either web crushing or stirrup fracture.·
The maximum length of shear span on which a web crushing fail-
ure occurred in the second tests was 60 in. Photographs of second tests,
in which web crushing f qi1ures occurred, on F-3, F-7, and F~19 tested on
shear spans of 40, 60, and 50 in., respectively, are shown in Fig. 20.
In these and all subsequent second test photographs, the crack patterns
are marked in exactly the same manner as they wer~ for the first tests,
except that any additional cracking in ,the shear span during the second
test is marked by dashed rather than solid lines. The first indication
of failure in F-3 was some slight spa11ing of concrete in the web, which
occurred after the shear span had sustained -the ultimate shear of 48
kips for several minutes~ The spa11ing was accompanied by a drop of
roughly 8 percent in the load indicated on the testing machine. An
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attempt at bringing the shear back up to the ultimate shear was unsuc-
cessful, as further spalling and crushing in the web took place, finally
:
causing the compression flange to break as shown in the photograph.
Failures in F-7 and F.,.19 were both initiated by crushing in the web
at the j~nction of the web and top flange and by the development of
a tension c~~~k in the top fibers. The fact that the shear span for
the second test on F-19 was 10 in. greater than for the first test had
no apparent effect on the failure.
Stirrup fracture failures occurred in the second tests on F-2,
F-10, F-ll, and F-13. The characteristics of the failure in F-2, tested
on a shear span of 40 in., were similar to those of a web crushing fail-
ure.The failure occurred suddenly, but only a single stirrup was frac-
tured and the beam did not collapse. Photographs of the second tests on
F-10, F-ll, and F-13, tested on shear spans of 70,70, and 80 in.,re-
spectively, are shown in Fig. 21. These suddenly occurring failures
are different from the stirrup fracture failures obtained in the first
tests. In fact, the appearance of the beams would suggest that the
failure should be classified as a compression failure in the top flange.
However, an examination of the beams after failure showed that fracture
of the web reinforcement had occurred. Counting from the support, the
16th and 17th stirrups in F-10, the 6th stirrup in F-ll, and the 21st,
22nd, and 23rdstirrups in F-13 were the fractured bars. In every
case, the fractured web reinforcement is located in the region where
the critical inclined crack penetrates the top flange, or in other
words, at the top of the inclined track just preceding failure. The
. location of the fractured stirrups are shown in the figures in the
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Appendix by an X above the top flange and located directly over the
fractured stirrup. Note that F-ll and F-13 in thes~ tests had been
loaded in the second test on a shear span which was 10 in. longer than
the first test.
The five beams which failed in the second test in shear in the
compression region of the concrete were F-5, F-8, F-9, F-12, and F-14.
All five of the failures were similar, the region of failure being ad-
jacent to the load point in the compression flange. Pictures of the
failures in F-5, F-9, andF~12 tested on shear spans of 50, 90, and 80
in., respectively, are shown in Fig. 22. The failures in F-5 and F-8
occurred suddenly, whereas there was some warning of failure in F-12
and F-14"by the development of several inclined cracks in the web
spreading progressively toward the reaction. The formation of the" in-
clined cracks in the latter two beams resulted in a drop in the load
indicated on the testing machine, and in attempting to bring the load
back up the compression failure occurred. Spalling of concrete in the
top fibers adjacent to the load point was observed prior to the failure
in F-9. In this case the load began to drop off slowly, and after it
had dropped off about 10 percent the 12th stirrup from the support broke.
This stirrup can be located if it is noted that the stirrup directly
below the load point is the 15th stirrup from the support.
4. UNIFORM LOAD TESTS
4.1 PROCEDURE
Uniform loads were applied to F-17 and F-18, using the arrange-
ment shown in Fig. 23. A similar arrangement has been used by Leonhardt
and Walther(2l). Two salvage fire hoses filled with water were centered
on the top flange of the beam. The ends of the fire hoses at one end
of the beam were capped. A common connection was provided at the other
ends of the fire hoses, by means of elbows connected to the end fittings.
Four 8WF loading beams, each equal in length to one-fourth of the test
span, were placed on top of the fire hoses. The adjacent ends of the
loading beams were cut at a slight angle to prevent interference when
the test beam deflected. Lateral bracing was clamped to the top flanges
of the end two loading. beams, and pin connected at its other end to the
columns in the loading frame. Lateral displacement between the ends of
adjacent loading beams was prevented.
A photograph of the test set-up is shown in Fig. 24. Details
of the reactions are similar to the details for the concentrated load
tests, except that the width of bearing was 9 in. A t·arpaulin was
placed between the loading beams and the fire hoses for protection of
! ,
the fire hoses. Also, the loading beams were tied together loosely by
means of ropes to prevent them fromfalli~g in case of complete collapse
of the test beam. Load was applied by means of 55 kip Amsler hydraulic
jacks connected to a loading frame· which waS preterl~ioned to, the floor
:\~f;\
of the laboratory.
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Several trial runs up to approximately one-half of the flex-
ural cracking load. were required to properly position the jacks on the
loading beams. Additional lateral bracing would have been desirable,
and in future testing it would be recommended that at least one later-
al brace be used for each loading beam.
In the actual test, load was applied in increments of one kip
on each loading beam, equivalent to two kips at each reaction. A test
took approximately three hours to complete. Further tests were con-
ducted on the remaining intact part of the beams after failure, but
the results were considered affected by the first test and are not in-
eluded in this report. Cylinder and modulus of rupture tests were con-
ducted on the same day as the beam test. Data taken during the test
was the same as that for the concentrated load tests.
4.2 PRINCIPAL TEST RESULTS
F-17 and F-18 were tested on span lengths of 12 ft - 6 in.
and 17 ft - 6 in., respectively. It was evident during the test that
a nearly Ferfect distribution of load was being obtained, and there-
fore the uniform load, w, was determined as four times the jack load
divided by the span length. Flexural cracking was first observed at a
load of 5.1 kips per ft in F-17, corresponding to a net flexural crack-
ing moment, M of 100 kip-ft, and at a load of 2.7 kips per ft in
cr'
F-18, corresponding to M equal to 104 kip-ft. Inclined cracking
cr
appeared in both test beams initially as flexure shear cracking, and
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subsequently at higher loads as inclined cracking precipitated by the
formation of a flexural crack. Diagonal tension cracking appeared in
the maximum shear region adjacent to the reactions of F-17 at loads of
7.4 kips per ft in one end and 7.7 kips per ft in the other end.
F-17 failed at an ultimate load of 8.6 kips per ft due to
/.~,
.,....'.
'\l '
'§'nE.aring of the compression flange. No stirrups were broken. Failure
occurred at approximately the third point of the span. Spalling of the
,
; ,.
top concrete fibers near mid-span was observed just prior to failure.
F-18 collapsed suddenly when several stirrups fractured at a load of
4.7 kips per ft. However, F-18 had sustained a maximum load of 4.8
kips per ft before it became necessary to unload and adjust the stroke
of the jacks.
/
4.3'BEHAVIOR AND MODES OF FAILURE
An overall picture of the behavior of F-17 and F-18 is pro-
vided by the load-deflection curves in Fig. 25. The amount of web rein-
forcement,. rf /100, is given in parenthesis beside the beam number iden-y
tifyingthe curves.
Both curves show that the response of the beam to load was
linear up to approximately one-half of the ultimate load. The loads at
which flexural cracking was f~rst observed have been'shown asFC on both
of the curves, and occur just after a slight amount of curvature can be
detected at the end of the linear region of the curve. The transition
region in which the sharpest change of slope occurs is immediately after
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flexural cracking for F-18, but delayed somewhat for F-17. After the
transition region the curves become quasi-linear to the ultimate load.
In the case of F-18, lack of stroke in the jacks necessitated
unloading the beam, adjusting the jacks, and reloading to failure. At
the maximum load of 4.8 kips per ft in the first loadcy~le, which was
the highest load that the beam sustained and therefore regarded as the
ultimate load, F-18 had nearly reached its computed flexural capacity
of 4.9 kips per ft. Furthermore the appearance of the beam indicated
that failure was imminent, but when the limiting displacement of the
jacks was ~eached the beam had to be unloaded. No deflection readings
were taken during the unloading cycle, which consequently is indicated
as a dashed line from the deflection at the end of the first test to
the deflection at zero load. The recovery of the beam was excellent.
Flexural and shear cracks were closed, indicating that a major part or
all of the prestress force remained, and the residual deflection was
only 0.42 in. F-18 was rapidly loaded to failure in the second cycle,
with only deflection readings taken at jack load increments of 5 kips.
Failure occurred at a load slightly below the maximum load obtained in
the first cycle.
Flexural cracking was first observed in F-17 at a load of 5.1
kips per ft, corresponding to a computed tensile stress in the bottom
fibers at mid-span of 850 psi, or 10.2/ fl. In F-18, flexural cracking
c
was first observed at a load of 2.7 kips per ft, corresponding to a
computed tensile stress in the bottom fibers at mid-span of 1010 psi,
or l2.1/f'. The predominantly flexure cracks were confined to a rela-
c
,.
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tively narrow region on either side of the centerline of approximately
10 in. for F-17 and 20 in. for F-18. Outside of this region any crack-
ingwhich began as a flexural crack showed the influence of shear by
turning and becoming inclined in the direction of increasing moment.
The characteristics of the flexural cracking were similar to the flex-
ural cracking in the concentrated load tests.
Both flexure shear and diagonal tension inclined cracking was
observed in the tests. Failure in both beams, however, was the result
of flexure shear cracking. The selection of a particular load as the
significant inclined cracking load was not possible, because of the
relatively wide region in which the'failure occurred. However, loads
were selected which may be regarded as the approximate inclined crack-
ing. load. Sketches of the crack patterns in F-17 and F-18 at these
loads are shown in Figs. 26 and 27. All quantities and symbols have
exactly the same meaning as the similar figures drawn for the concen-
trated load tests, except that the numbers written below the beam now
indicate the load, in kips per ft, at which the crack directly above
was first observed.
The diagonal tension cracking adjacent to the reaction in the
left half of F-17 occurred suddenly at the load of 7.4 kips per ft. By
extrapolation, the critical principal tensile stress at the center of
gravity of the section can be estimated as 750 psi, or 9.oJf'. The
c
critical failure region appeared to be located in the region adjacent
to grid line 7 in the left side of the beam, and therefore either of
the cracks beginning at 6.7 or 7.4 kips per ft could have been instru-
mental in causing failure. The diagonal tension cracking in the right
".
,
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end of F-17 also occurred suddenly, at the load of 7.7 kips per ft.
Assuming that the crack closest to the reaction formed first, the cri-
tical principal stress can be estimated as 740 psi, or 8.9/f l • The
c
diagonal tension cracking at either end did not, at any time during
the test, appear to be critical.
No inclined diagonal tension cracks formed near the reactions
in F-18. Only flexure shear cracking developed in the interior part of
the span. Failure occurred in the right half of the span, located prin-
cipally in the region between grid lines 8 and 9. Therefore any, or
perhaps all three, of the flexure shear cracks forming at 3.4, 3.6,
and 4.1 kips per ft could have been critical in causing failure. The
path of the flexure shear crack, for which the principal stresses and
stress trajectories are determined, follows closely the slope of the
stress trajectory.
Photographs of each half of F-17 after failure are shown in
Fig. 28. F-17 failed suddenly but not catastrophically at an ultimate
load of 8.6 kips per ft. Mid-span moment at failure, including the
dead load moment, was therefore 171 kip-ft, or 89 percent of the com-
puted ultimate flexural capacity of 191 kip-ft. Spalling of the top
concrete fibers approximately 8 in. away from the centerline of the
beam was observed just prior to failure. However, the appearance of
the beam after failure· indicates that the critical section was located
at the third point of the span, where the kink in the beam may be ob-
served. At this section, the conditions at the junction of the web
and top flange were critical. At failure an inclined crack ran from
••
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this region to the location at which spallingwas observed, displacing
I
a wedge shaped piece similar to the CF failures in the concentrated
load tests. Therefore the failure in F-17 was regarded as due to shear-
ing of the compression flange.
Failure in F-18 occurred suddenly and catastrophically, due
to fracture of the web reinforcement. Photographs of each half of F-18
after failure, and a close-up- view of the failure region are shown in
Fig. 29. The maximum load carried by F-18, in the first load cycle,
was 4.8 kips per ft. Total mid-span moment at the maximum load was
therefore 188 kip-ft, or 98 percent of the computed ultimate capacity
of 191 kip-ft. Despite the closeness to a flexural failure, there was
no evidence of any spalling in the top concrete fibers prior to failure.
Failure occurred, in the second load cycle, when the 9th through 14th
stirrups from the right support broke. An X mark is placed above the
fractured stirrups in Fig. 27~ The stirrups were fractured at a level
corresponding approximately to the junction of the web and top flange.
The critical section was at the third point of the span, where the
kink in the beam may be observed. Despite the fact that the reason
for failure in F-18 was different from that in F-17, the appearance of
the two beams after failure was very similar .
•5. STRENGTH OF TEST BEAMS
5.1 APPROACH
Several different approaches were considered in evaluating
the shear strength of the test beams. Comparing the test results to
the predicted shear strength from the "truss analogy", which assumes
that the total shear is carried by the web reinforcement, indicated
that the strength of the test beams was from 4 to 14 times greater than
the predicted strength. The higher test to predicted ratios were asso-
ciated with the greater amounts of web reinforcement and the longer
shear spans. This comparison illustrates the well known fact that the
"truss analogy" is overly conservative when applied to prestressed con-
crete beams. Furthermore, it indicates that a substantial part of the
total shear must have been carried by the concrete.
Paragraph 1.13.13 of the AASHO specifications(8) evaluates
shear strength by a modified form of the "truss analogy" equation. This
equation, when solved for ultimate shear, becomes:
rf
Vu = 2b'jd 10~ + Vc
where use has been made of the relationship:
(5 )
rf
--.:L =100
A f
v Y
~ (6 )
",
Eq. 5 assumes that part of the total shear is carried by the web rein-
forcement, and part by the concrete. The part carried by the web rein-
forcement is equal to the first term in Eq. 5. The part carried by the
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concrete, V , is equal to a specified stress, 0.06 f', acting over that
c c
part of the cross-section defined by b'jd, not to exceed 180 b'jd.
The test results were compared to the predicted shear strengths
determined from Eq. 5. Ratios of test to predicted ultimate shear
strength for all of the concentrated load tests except F-20, F-2l, and
F-22 are plotted in Fig. 30. The numbers written beside each point
are the value of rf 1100 in the shear span in which the failure occurred.y
While predictions using Eq. 5 are better than the "truss analogy", it
is equally evident that this equation does not provide a satisfactory
evaluation of ultimate shear strength. The test to predicted ratios
ranged between 1.6 and 3.1, with the higher ratios associated with the
lower aid ratios. For a given amount of web reinforcement, decreasing
the shear span increased the test to predicted ratio of shear strength.
For a given shear span, increasing the amount of web reinforcement de-
creased the test to predicted ratio of shear strength. Consequently a
major objection to Eq. 5 is that it does not reflect the behavior of
the test beams.
The best approach to the evaluation of shear strength would
be through the development of equilibrium and compatibility expressions
which properly take into account the conditions existing at failur~.
However, the different modes of failure of the test beams were very
complex. Walther(3,4) has proposed expressions for evaluating the
shear compression type of failure. However, only two F Series tests
failed in shear compression. Walther's expressions did not closely
predict the shear strength in these tests. The other types of failures -
••
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web crushing, stirrup fracture, and shearing of the compression flange
are closely examined in Section 5.5, but the extremely complex nature
of the failures was not evaluated mathematically.
An empirical approach was therefore used in Section 5.5 to
evaluate the shear strength of the test beams. It was considered of
primary importance that the evaluation should be in agreement with the
observed behavior of the test beams, which was described in detail in
the two preceding chapters. In every case, the shear failure~ resulted
from the development and extension of inclined cracks. These inclined
cracks, either directly or indirectly, caused the destruction of some
. load carrying element in the beam, thus triggering the shear failure.
It is therefore evident that the load causing inclined cracking is sig-
nificant in the evaluation of the test results.
Inclined cracking observed in the test beams was classified
as either flexure shear or diagonal tension. The important features of
these two types of cracks are illustrated in Fig. 31. Diagonal ten-
sion cracking started from an interior point in the web of the beam.
Depending upon the length of shear span, it would either precede or
follow flexural or flexure shear cracking. Flexure shear cracking was
always associated with the development of a flexural crack. This flex-
ural crack, depending upon the distance from the load point and the
shear. span to effective depth ratio, would either turn and become in-
clined in the direction of increasing moment, or would precipitate in-
clined cracking in the web above it. Consequently the flexural crack-
ing strength of the test beams is an important factor in the determina-
tion of the load causing inclined flexure shear cracking.
"•
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It therefore follows that both the flexural and inclined
cracking strength are important in the evaluation of the ultimate shear
strength of the test beams. Another factor of importance is the ultL-
mate flexural strength, which limits the shear that any section of the
beam may be required to withstand. All of these strength properties
are examined in the following sections of this chapter, and provide
the basis for the evaluation of the ultimate shear strength of the F
Series test beams.
---------~-_.~-
5.2 FLEXURAL CRACKING STRENGTH
Values of the applied load moment causing flexural cracking,
M , in the first test on beams subjected to concentrated loads were
cr
given in Table 5. Since maximum applied load moment in both the sym-
metrically and unsymmetrically loaded beams occurred at the load point
adjacent to Region B, the applied load shear causing flexural cracking
was related to M by:
cr
V =
cr
(7)
Shears determined from Eq. 7 are given in Table 7 and plotted in Fig. 32.
The flexural cracking moment of the test beams would generally
be calculated from the equation:
M = Zb (ft F Fe)
fc t + A + zb (8)
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Since Mf is equal to M plus the dead load moment, Md , Eq. 8 whenc cr
solved for f~ becomes:
f'
t
M + Mdcr
bZ
(9)
Values of the flexural tensile strength of the concrete were computed
from Eq. 9 using the properties of the transformed section, and are
given in Table 7 for the observed.. flexural cracking load of each beam,
including the uniformly loaded test beams. The maximum dead load mo-
ment in the test beams, given in Table 7, was used in computing f'. The
. t
average computed tensile stress in the bottom fibers at flexural crack-
ing was 770 psi. Consideration was given to relating f~ to /f~ and f~p.
Ratios of f~ to these quantities have been plotted against concrete
strength in Figs. 33 and 34. Nei):her plot shows any definite variation
with concrete strength. Preference was given to the use of f~//f~ in
subsequent work.
The' average value of f'//f' was equal to 9.5. Except for
t c
F-10, the values of f'//f' fall within the range of 7 to 12. In the
t c
case of F-10, two flexural cracks approximately 20 in. apart were ob-
served at the same time. Therefore the low value of f~//f~ cannot be
attributed to a mistaken observation, or to a single weak section in the
concrete as might be caused by a void. Rather the strength of the con-
crete in F-10, in the tension flange, must have been weaker than deter-
mined from the cylinder tests.
Based on an "average". test beam in which F is equal to 89.1
kips and f~ is equal to 6560 psi, the flexural cracki~moment, Mfc '
-66-
is 98.09.5/f'
c
ave
is 93.5 kip-ft.
computed from Eq. 8 for a flexural tensile stress of
kip-ft, and for a flexural tensile stress of 8/f'
c
ave
Deducting the average dead load moment of 3.0 kip-ft, M for critical
cr .
stresses of 9.5/f' and 8/f' is 95.0 and 90.5 kip-ft, respe~tively.
cc
ave ave
Plots of V for M equal to 95.0 and 90.5 kip~ft are shown in Fig. 32
cr cr
for comparison with the observed values of applied load shear causing
flexural cracking. It is evident that the computed flexural cracking
shear based on a critical stress 9.5/f' is a good representation of
c
ave
the observed values over the entire range of aid ratios investigated.
It should be noted that the values of V tend to be higher
cr
than the true flexural cracking shears, because of the difficulty in
detecting the first crack at the instant of formation. However, the
constant or nearly constant moment region in the test beams was in most
instances several feet wide. Usually only one crack would be observed
in this region,at the indicated value of M
cr
Other flexural cracks
would be observed only after additional load had been applied, and con-
sequently the majority of cracks in the constant or nearly constant mo-
ment region would form at higher stresses than the value of f~ given in
Table 7. Therefore,' it was concluded that the shear causing flexural
cracking at any section in the F Series beams could be clos~ly calcula-
ted as the shear causing a stress in the bottom fibers of 9.5/f'. A
c
close but more conservative calculation of the load causing flexural
cracking could be based on a critical stress of 8/f'.
c
0,
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5.3 INCLINED CRACKING STRENGTH
Inclined cracking observed in the test beams was described
in Sections 3.3 and 4.3 and was classified as either diagonal tension
or flexure shear, as shown in Fig. 31. Diagonal tension cracking occur-
red in tests on aid ratios less than 3.5. Flexure shear cracking occur-
red in tests on aid ratios greater than 5. In tests on aid ratios be-
tween 3.5 and 5, the inclined cracking had characteristics which, in
different tests, could be associated with either diagonal tension or
flexure shear cracking~ Values of applied load shear, V. , causing
~c
0.
°
significant inclined cracking in the test beams were given in Tables 5
and 6. Figure 35 shows the variation in the observed values of V.
~c
with length of shear span.
Diagonal tension cracking started from an interior point in
the web of the test beam and was caused by principal tensile stresses
in the web exceeding the strength of the concrete. In general, the
first diagonal tension crack formed near the mid-point of 'the shear
span, and was subsequently critical in causing a shear failure. Excep-
tions to this occurred when the first crack formed either close to the
reaction or close to the load point. However, in these cases additional
inclined cracks which subsequently would be critical in causing failure
would usually form at slightly higher loads.
Significant diagonal tension cracking had two important charac-
teristics. The maximum principal tensile stress responsible for cracking
occurred close to the center of gravity of the beam cross-section, and
the slope of~he path of the crack was closely associated with the slope
.,;.
-,
"
..
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of the compressive stress trajectory at the center of gravity. Accord-
ingly, values of the principal tensile stress at the center of gravity,
f~~, causing significant inclined cracking were selected from the
sketches of the crack patterns in the figures in the Appendix, and are
recorded in Table 8. Even though diagonal tension cracking occurred
only in tests on the shorter shear spans, values of f~~ at significant
inclined cracking were selected for all of the concentrated load tests.
For tests in which diagonal tension cracking occurred, the value of f~~
was taken at the intersection of the path of the crack and the center
of gravity of the beam. For tests in which flexure shear cracking
occurred, the value of f~~ was taken at the center of gravity directly
above the initiating flexure crack, indicated by the vi mark below the
crack. In either case, the exact location is not important, because
h 1 f f cg 1 1 h h h't e va ues 0 pt are near y constant a ong t e s ear span. T e var~a-
tion in the ratio of fcg to Jf' with length of shear span is shown inpt c
Fig. 36.
If the assumption that an excessive principle tensile stress
at the center of gravity of the section causes diagonal tension crack-
ing is correct, it should be possible to select a constant value of
fcg as the critical stress, since the only factor which affected thept
state ,Of stress assumed in calculating the principal tensile,.ti.stresses
was"tne'small dead weight of the test beams. Th value of f cge average pt
-,
for tests on aid ratios equal to or less than 3.53 was:
fcg ::;: 5.5 Jfl
pt c
'o'!.
(10)
While Eq. 10 represents the data for tests in which diagonal tension
(11)
",
II,
•
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cracking generally occurred to about the same degree of consistency
as tensile tests on concrete" it is also apparent that the values of
fc g are inversely related to the length of shear span. This is' due topt
several factors~ For short shear spans less than approximately twice
the total depth of the beam, the magnitude of the vertical stresses at
the center of gravity influences the state of stress. These vertical
!
stresses delay the formation of diagonal tension cracks. Since the
calculated principal tensile stresses were based on the assumption
that the vertical stress component is zero, a higher value than the
true value of f;~ was obtained. For shear spans greater than approxi-
mately three times the depth of th~ beam, diagonal tension cracking
tended to form forward in the shear span toward the load point, indi-
.cating that the ratio of moment to shear had an i~luence on the crack~
"1
ing. In these cases, the maximum principal tensile stress along the
path of the crack is below the center of gravity. ,,.Therefore fcg ispt
, slower than the principal tensile stress causing cracking.
A good fit to the selected values of fcg over the entire rangept
of shear spans on which tests were conducted is provided by the equation
fcg = (8 - 0.78 a/d) /f'pt c
While this equation 'gives somewhat high values of f;~ for the 30 and 40
in. shear spans, it has the compensating advantage of avoiding the need
to make any sharp distinction between diagonal tension and flexure shear
cracking.
Assuming that the state of stress at the center of gravity is
responsible for inclined cracking, the following expression was obtained
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from Eqs. 1, 2, and 3 for predicting the applied load shear causing
. significant cra~king in the. test beams:
V. =
~c
(12)
.,
Inclined cracking shears calculated for an "average" test beam from Eq.
12, based on Eqs. 10 and 11, are compared to the test values in Fig.35.
The figures in the Appendix show that the critical diagonal tension
crack generally crossed the center of gravity near the mid-point of
the shear span. Therefore Vd was assumed equal to the dead load shear
at the mid-point of the shear span, or (0.86 - 0.13 a/d) in kips if the
length of an "averagell test beam is assumed equal to 180 in. It is
evident from Fig. 35 that the best prediction of diagonal tension crack-
ing is obtained using Eqs. 11 and 12. These equations not only repre-
sent the results better ·for tests on a/d ratios less thari 3.5, on
which only diagonal tension cracking occurred, but also for tests on
a/d ratios between 3.5 and 5, on which both diagonal tension and f1ex-
ure shear cracking occurred. Only for a/d ratios greater than 5 does
the predicted inclined cracking shear based on Eqs. 11 and 12 begin to
go against the trend of the data.
Flexure shear cracking was associated with the development of
a flexural crack which would turn and become an inclined crack, or which
would precipitate inclined cracking above it. Distances from the con-
centrated load points to the location of flexural cracks which were con-
sidered responsible for the development of significant flexure shear
cracking, ad, were determined from the figures in the Appendix, and are
recorded in Table 8. As previously noted, the flexural crack which was
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selected as critical is designated by a vi mark below the number which
•
"
indicates the shear at wh~ch the crack was first observed. There is
some difficulty in selecting the values of ad. For example, in the A
end of F-10, it might seem that the critical flexural crack is the one
adjacent to grid lineS. However, the low value of tensile stress in
the bottom fibers indicates that this crack formed after the critical
inclined cracking above it. Therefore the critical flexural crack must
be the one mid-way between grid lines 6 and 7, which was responsible
for the development at the same load of the inclined cracking shown
immediately above it, and at a higher load for the inclined cracking
which subsequently was critical in causing failure.
The stresses in the bottom fibers at the location of the flex-
b
ural crack initiating significant flexure shear cracking, f t , are re-
corded in Table 8. These stresses were interpolated from the stresses
given in the figures in the Appendix. bThe average value of f deter-
t
mined in this way was 840 psi, which is comparable to the average value
of f~ of 770 psi which caused flexural cracking in the test beams.
While there is substantial variation in the selected values
of ad, Fig. 37 shows that the distance from the load point to the cri-
tical flexural crack causing significant flexure shear cracking increases
with increasing aid ratio. A reasonable fit to the selected values of
..
ad is provided by the equation:
ad = 6.2 aid - 10, in in. (13)
., Considering again an "average" test beam with a flexural cracking moment
of 98 kip-ft, the applied load shear causing flexure shear cracking may
.'
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be calculated from the equation:
V.
~c
(14)
Assuming that Md is equal to 2 kip-ft, V. calculated from Eq. 14 varies~c
with length of shear span as shown in Fig. 35. The flexure shear crack-
ing load determined in this way does not satisfactorily represent the
data.
Consequently consideration was given to finding an expression
for ad which would represent the shear causing the formation of a signi-
ficant flexure shear crack. Solving Eq. 14 for ad:
.'
ad = a - (15)
Values of ad were computed from Eq. 15 for all inclined cracking shears
in Tables 4 and 5 obtained in tests on shear spans equal to or greater
than 60 in. As ip the preceding paragraph, Mfc minus Md for an "average"
test beam waS assumed equal to 96 kip-ft. The values of ad obtained in
this way are plotted in Fig. 38, and show that the distance, from the
load point to the critical crack is not a linear function of the shear
span. A least squares second degree curve fit to the values of ad
yielded the equation:
, 2
ad = - 31.6 + 15.6 (a/d) - 0.88 (a/d) , in in. (16)
e,
Figure 35 shows that V. determined from Eq. 14, based on values of ad
~c
from Eq. 16, satisfactorily represents the applied load shear causing
significant flexure shear cracking.
In summary, it is concluded that the significant inclined
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crac~ing shear in the test beams may be calculated as the least shear
causing either (1) a principal tensile stress at the center of gravity
of (8 - 0.78 a/d)/f' at a section located at the mid-point of the shear
c
span, or (2) a tensile stress in the bottom fibers of 9.S/f' at a
c
tion located (a + 31.6 - lS.6(a/d) + 0.88 (a/d)2) in in. from the
sec-
re-
.' .
..
..
action. As may be seen from Fig. 39, the inclined cracking shear pre-
dicted in this manner represents within approximately plus or minus 10
percent the shear which caused significant inclined cracking in the
test beams.
The shear causing inclined cracking is generally considered
to be the ultimate shear that can be carried by prestressed beams with-
out web reinforcement. Four E Series test beams, essentially identical
to .the F Series beams except without web reinforcement, were reported
in fritz Engineering Laboratory Report No. 223.2S(7). The maximum
shear carried by these beams is within the band of plus or minus 10 per-
cent shown in Fig. 39. Therefore the expressions in the preceding para-
graph could be used to predict the ultimate shear strength of F Series
beams without web reinforcement.
S .4 ULTIMATE FLEXURAL STRENGTH
Flexural failures occur when compressive strains above the top
of a flexural crack reach values causing general crushing and destruc- •
tion of the compression region. Only one test beam, F-2l, failed in
flexure. Furthermore, the failure in F-2l may have been influenced by
..
.'
...
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the short constant moment region in which the failure occurred, which
was discussed in Section 3.3. The strain in the extreme fiber in com-
pression at failure was approximately 0.004, which is higher than
strains of approximately 0.0027 at failure measured in similar E Series
beams(7) except for a longer constant moment region.
Numerous investigators have shown that the concrete strain
distribution over the depth of the section, if measured over a distance
great enough to average out the discontinuities at flexural cracks, re-
mains linear to failure in regions where flexure predominates. This
waS verified in the E Series beams(7). Therefore the calculation of
the ultimate flexural strength of the test beams was based on the
assumed strain and stress distribution shown in Fig. 40. From equili-
brium of internal forces:
c = T
or
n
klk3f~bc = L: A f
i=l s. s.~ ~
(17)
where c resultant compressive force in the concrete
T = resultant tensile force in the steel
ratio of maximum compressive stress to average
compressive stress
= ratio of maximum compressive stress to strength
of concrete, f', determined from standard cylinder
tests c
'\ b flange width of I-beam
•
c = distance from extreme fibe~s in compression to
neutral axis at failure
A cross-sectional area of steel at a particular level, i
s.
~
-.
-75-
f = stress in steel
s.
~
n = number of levels of steel
Equation 17 is valid only if c is less than the depth of the compres-
sion flange at its full width. From equilibrium of internal and ex-
ternal moments:
n
L:
i=l
A f (d
s. s. c
~ ~
- k c)2 (18)
where Mfu = moment causing flexural failure
k2 = ratio of distance from extreme fibers in compressionto resultant compressive force in the concrete to c.
..
d
c =
n
L:
i=l
n
L:
i=l
A f d.
s. s. ~
~ ~
A f
s. s.
~ ~
= distance from top fibers to resultant
tensile force in the steel
Based on the assumption that the concrete strain distribution
is linear over the depth of the section:
e =
cu.
~
d. - c
~
c
e
u
tensile concrete strain at a particular level, i.where e
cu.
~
e
u
= ultimate concrete compressive strain.
..
Until the development of a flexural crack which crosses the prestressing
steel, the assumption that perfect bond exists between the steel and
concrete is reasonable. Bond is destroyed, however, where the crack ~
crosses the steel. The relationship between the steel strain and con-
crete strain in the top fibers thereafter becomes a function of the
•-,
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condition of the bond between the steel and the concrete, the location
of the neutral axis, and the distribution of concrete strain in the top
fibers.
(22) " , (23)
Both Warner and Hulsbos and Warwaruk, Sozen, and Siess
have considered this problem by incorporation of a strain compatibility
factor in the relationship between steel strain and concrete strain.
Accordingly at the i-th level of prestress elements the strain is ex-
pressed as:
E:
suo
~
= E:
se.
~
+ E:
ceo
~
+ 'l'.
~
E:
cu.
~
(20)
where E: = total strain in steel at a particular level, i
suo
~
E: = strain in steel at the effective prestress force
se
i
E: compressive strain in the concrete
ceo
~
'l'i = ratio of the steel strain to the tensile concrete
strain
Some discrepancy between the discussion and formulation in
Eq. 20 appears to exist because the compatibility factor is multiplied
by the total tensile concrete strain. However:
E:
cu.
~
= E:
cc.
~
+ E:
cf.
~
(21)
•
-.
where E: = tensile concrete strain at a particular level, i,
cc.
when first crossed by crack~ a
E: = tensile concrete strain at a particular level, i,
cf.
~ after being crossed by a crack
The breakdown in bond between the steel and the concrete occurs only
after cracking. Therefore at the i-th steel level the steel strain is
more correctly expressed as:
.'
e
suo
~
= e
se.
~
+ e
ceo
~
+ e
cC.
~
+'Y.e f~ c .
~
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,(22)
However, cracks occur in concrete due to tensile strains of approxi-
mately 0.02 percent, and since values of e for beams ~ailing in
cUi /
flexure are commonly greater than 1 percent, the difference between
Eqs. 20 and 22 is not significant.
Equations 17, 18, 19, and 20 are su·fficient to determine Mfu
/
if the stress-strain relationship 9f'the steel is known. Because the
stress-strain curve of prestressing steel does not lend itself to
simple continuous matheIllatical >epresentation, the solution for Mfu is
generally performed by assuming a value for c. Since e is a property
. u
can be determined from Eqs. 19 and 20.of the concJ;_E!.te, e
suo
~
can then be determined from the load-strain curve
A f
s. S.
~ ~
for th~ steel. Equa-
..•.
tion 17 can now be solved for c, and if the calculated and assumed
values of c are equal the correct value was assumed. If not, a new
value of c must be assumed and the procedure repeated until agreement
is obtained. When agreement has been obtained, the ultimate flexural
strength, Mfu ' can be determined from Eq. 18.
Prestressed concrete beams are generally proportioned so that,
failing in flexure, the stress in the prestressing steel is in the in-
elastic range. Since the slope of the stress-strain curve is relatively
flat in the inelastic range, the ultimate moment in this case must be
rather insensitive to variations in 'Y .• Therefore, for members failing
~
in flexure in which the steel, has yielded, it is reasonable to assume
that 'Y. equals one for all levels of prestress elements.
~
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The solution for ultimate flexural strength using Eqs. 17
through 20 was checked against the results of tests on eight E Series
beams (7) failing in flexure. Use of the trial and error procedure to
determine the depth to ,the neutral axis at failure was simplified by
computet calculation and the following formulation for the stress-
strain curve of the prestressing steel in the E Series beams:
A f = 2ge
s . s. suo
~ ~ ~
A f -31 + 147.2e 145.ge2=
s . s. suo suo
~ ~ ,~" ~
64'.le3 4+ 10.4esuo suo
~ ~
A f = 24 + O.71e
s. s. suo
~ ~ ~
o < e < 0.625%
suo
~
0.625% < esu~ 2.Q%
i
2.0% < e
suo
~
With e in Eq. 23 expressed in percent, the units of, A f are kips.
suo s. s.
~ ~ ~
Values for the constants for determining the magnitude and location of
the resultant compressive force in the concrete -k1, k2 , and k - re-3
commended by Mattock, Kriz, and Hognestad(24) were used, as follows:
=
=
0.85 for f' < 4000 psi or
c
0.85 - 0.00005 (f' - 4000) for f' > 4000 psi
c c
k k
2 1
Resu1t~ of the eight E Series tests and the ratio of the test to pre-
dieted moments are given in Table 9. The reason that the test moments
were consistently higher than the calculated moments, by an average of
"
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7 percent, could not be determined. Consideration was given to the
possibility that the compression tests on cylinders cast in waxed card-
board molds with tin bottoms gave lower concrete strengths than implied
by the use of k3 equal to 0.85. However, letting k3 equal to one still
gave calculated moments which differed from the test moments by an
average of 4 percent. The effect of the bond condition between the steel
and the concrete was also considered by varying the strain compatibility
factor in the calculation for ultimate moment. However, with k3 equal
to one and ~. equal to 2, calculated ultimate moments were still greater
~
than the test moments by an average of 2 percent.
Because of the similarity between the E and F Series beams, it
was concluded that the ultimate flexural strength of the F Series beams
'could be closely calculated using Eqs. 17 through 20, assuming k 3 equal
to 0.85, ~. equal to one, e = 0.3 percent, and by increasing the result
~ ,u
obtained from Eq. 18 by 7 percent. The flexural strengths of the test
beams, Mfu ' calculated in this way, are given in Table 7. The calcula-
tion was facilitated by the use of a computer and the following formu-
lation of the stress-strain curve for the prestressing steel in the F
Series beams:
A f = 2ge o < e < 0.69%
s. s. suo suo
~ ~ ~ ~
A f = -22.4 + 97.4e
s. s. suo
~ ~ ~
(24 )
-60.ge2 3 0.6910 < 2.0%+ l2.6e e <suo suo suo
~ ~ ~
A f 28.0 + 0.355e 2.0% < e
s, . s. suo suo
~ ~ ~ ~
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The computed ultimate flexuralThe units of A f in Eq. 24 are kips.
s. s.
~ ~
strengths of the test beams varied between 182 and 193 kip-ft; the aver-
age was 189.4 kip-ft. The calculated strength of F-2l was 189.9 kip-ft,
compared to an experimental flexural failure moment of 190.2 kip-ft.
In the preceding calculation of the flexural strength of the
test beams, the neutral axis at failure was approximately 4.5 in. below
the top fibers. Under these circumstances the flange area in compression
is not exactly equal to b times c. However, the product klc was approxi-
mately equal to 3.2 in., which is the depth of the "equivalent" rectangu-
lar stress block, and therefore the effect on Mfu was considered neglig-
ible.
5.5 ULTIMATE SHEAR STRENGTH
Thirty-seven of the 38 tests on 23 simply supported beams des-
cribed in Chapters 3 and 4 resulted in shear failures. These failures
were classified as web crushing, stirrup fracture, shearing of the com-
pression flange, and shear compression.
The first three types of failures were due to inclined diagonal
tension or flexure shear cracks which remained entirely within the shear
span. There was no evidence from these failures of any compatibility
condition which could be used to relate steel strains to concrete strains
and thereby permit the calculation of an ultimate shear moment similar to
the calculation of the ultimate flexural moment. Rather the behavior of
the beams indicated that a re-distribution of forces took place at in-
clined cracking which subsequently resulted in several different types
.,
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of action causing the observed failures. These different types of action
will be qualitatively described after further discussion of the.shear
compression type of failure.
Shear compression failures occurred only in the tests on F-20
and F-22. These two beams failed when an inclined flexure shear crack
which had extended beneath the load point into the constant moment region
adjacent to the shear span caused crushing and destruction of the com-
pression region. Flexure shear cracks had penetrated the constant moment
region in other tests, although only for short distances, without causing
similar failures. Therefore the shortness of the constant moment region,
13 in. for F-20 and 23 in. for F-22, was considered to have had an in-
fluence on the failure.
The failures on F-20 and F-22 were similar to the flexural
failure in F-2l, except that they failed at 94 and 99 percent, res~
pectively, of the flexural capacity, based on the calculated values of
Mfu in Table 7. Fig. 18 shows that the critical flexure shear crack in
both tests formed in such a manner that the amount of web reinforcem~nt
would appear to have had little effect on the ultimate strength. There-
fore the expressions proposed by Walther(3,4) for predicting the shear
compression strength of beams without web reinforcement should be applic-
able to the failures observed in F-20 and F-22. However, the ultimate
strength predicted by Walther's expressions was only approximately 65
percent of the actual strength for both tests. Even if the web re-
inforcement were.con~idered fully effective, the predicted strength
would not have been more than.75 percent of the actual strength. The
possibility of revising Walther's expressions was not explored, since
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only 2 of the 37 shear failures fit the conditions upon which the equa-
tions are based.
Action Causing the Shear Failures
The forces acting in a prestressed beam in a region in which
shear is critical may be considered by separating the beam along the
path of an inclined crack, and by a vertical cut through the concrete
at the top of the crack, as shown in Fig. 41. The principal forces
acting at this section are. the two components of the resultant force in
the prestressing steel, Th and Tv' the two components of the resultant
force in the web reinforcement, V h and V ,and the resultant compres-
w wv·
sive force transmitted through the concrete above the top of the in-
clined crack, which has a horizontal component represented by the com-
pressive thrust, C, and a vertical .component represented by the shear
force, V. Not shown are forces which would exist when the path of the
c
inclined crack does not extend completely through the concrete in the
tension flange of the beam. This is the usual situation when diagonal
tension inclined cracking occurs. It also occurs for flexure shear
cracking which is precipitated by but not connected to a flexural crack.
However, any force transmitted through the concrete in the tension flange
region is, except for short shear spans, relatively small, and for this
discussion may be considered as adding to the force in the steel.
Most of the shear failures were caused by the action of the
compressive thrust in the shear span. Consider the shear span of the
typical test beam represented in Fig. 42. It is assumed that the pre-
stress force is fully effective at the section through the reaction.
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Prior to the development of an inclined crack, the compressive thrust
line would be located as shown in Fig. 42. After inclined cracking, the
thrust line would be shifted upwards to a new position, which depends
primarily on the amount of web reinforcement and the doweling action.
Consider first a prestressed beam without web reinforcement
when the doweling force, T , is assumed negligible. An inclined crackv .
suddenly traversing the web moves the thrust line upwards above the
apex of the crack, as shown in Fig. 42. Assuming that the beam can
sustain the same moment after inclined cracking that caused the crack-
ing, it follows. that the magnitude of the thrust, although not neces-
sarily the compressive stress above the crack, is reduced. Since there
can be no transfer of horizontal shear across the inclined crack, the
magnitude of the tension and compressive forces must remain constant
along the length of the crack. Therefore the distance between these
forces depends on the· variation. in the external moment, causing the com-
pressive thrust line to take the position shown in Fig. 42. In effect,
"beam action" in the region of the crack has been changed to "tied arch
action".
It was shown in Section 5.3 that the load causing significant
inclined cracking was approximately the ultimate load in beams without
web reinforcement. The explanation in the preceding paragraph would
seem to conflict with this, since under the assumed conditions the posi-
tion of the thrust line moves upward and the magnitude of the thrust is
reduced. However, a doweling force of significant magnitude must exist
in beams without web reinforcement. If it did not, there would be no
••
c
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deflection of the part of the beam below the inclined crack, which would
mean that an impossible separation of the beam at the junction of the
tension flange and the inclined crack would exist. Although all of the
F Series beams had web reinforcement, four E Series beams(7) did not
have vertical stirrups. As may be seen from Figs. 7 and 9 in Reference
7, the critical inclined crack ran back along the junction of the web
and the bottom flange toward the reaction. This action was caused by the
doweling force tearing the tension flange away from the web. Under these
conditions, the part of the beam above the inclined crack acted as an
eccentrically loaded arch rib, and failure occurred due to crushing of
the concrete in region K. Associated with this failure was the character-
istic tension crack in the top flange above the point where the crushing
occurred. Thus the absence of web reinforcement caused an immediate
change at the time of cracking from "beam action" to "tied arch action",
and the latter type of action was incapable of sustaining additional
load.
If identical inclined cracks would form in beams with and with-
out web reinforcement, the thrust line would move further upwards in the
beam with web reinforcement because the shear taken by the web reinforce-
ment decreases the shear which must be carried by the concrete and also
therefore the slope of the thrust line. However, web reinforcement re-
strains the development of the crack. Thus, at the load causing signifi-
cant inclined cracking the distance from the top fibers to the apex of
the crack is least in beams without web reinfotcement. The shear taken
by the web reinforcement makes the shape of the thrust line similar to
the shape before the inclined crack formed, indicating that the web re-
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inforcement restored "beam action" .
Mattock and Kaar(24) and
bars used as stirrups yield almost
Bruce(25) have shown that deformed
irnmediatel~ when crossed by an in-
clined crack. As the load is increased, the inclined crack may extend
and cross additional stirrups. The force in the stirrups may also be
increased if the strains in the stirrups go into the strain-hardening
range. However, the doweling action of the strand and the shear resist-
ance of the tension flange is a variable quantity of uncertain magnitude,
which in the tests often appeared to destroy itself as the load was in-
creased above the inclined cracking load. Consequently the shear
carried by the stirrups, the doweling action, and the tension flange is,
or is close to being, a maximum when significant inclined cracking occurs.
Therefore the compressive thrust line moves to a maximum height in the
beam at or shortly after reaching the load causing significant inclined
cracking, and as the beam is loaded further moves downward. Thus when
a beam with sufficient web reinforcement to restore "beam action" after
inclined cracking is loaded further, the action changes progressively
with increasing load from "beam action" to "tied arch action". Because
of the action described in the preceding paragraph, an important factor
in the ultimate shear strength is the resistance that the web reinforce-
ment provides to tearing of the tension flange away from the web. F-6,
shown in Fig. 15, and F-15, shown in Fig. 17, both resemble the E Series
failures without web reinforcement, and apparently failed in compression
of the arch rib after inclined cracking had extended along the junction
of the web and bottom flange to the reaction. In the case of F-6, the
failure was classified as web crushing. However, in the case of F-15,
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stirrups in the shear span were fractured. It is impossible to know
whether the stirrup fracture failure triggered the crushing failure in
the web, or vice versa. F-6 and F-15 had rf /100 values in the failurey
regions of 47 and 34, respectively, and therefore rf /100 equal to 47y
was the minimum amount of. web reinforcement required to prevent this
type of failure in these tests.
When the web reinforcement provided was sufficient to prevent
the tension flange from being torn away from the web, crushing failures
occurred in many cases due to the action of the compressive thrust at
the junction of the compression flange and the web, shown by Region L
in Fig. 42. The characteristics of the failures were similar to F-6 and
F-15, except that the location of the failures was generally more toward
the mid-point of the shear span. F-l, shown in Fig. l5,.was a good
example of this type of failure.
The failures at the junction of the web and top flange were
further complicated by several conditions. In many cases more than one
inclined crack contributed to the failure. Consider the forces acting
at two adjacent inclined cracks in the test beam, as shown in Fig. 43.
This part of the beam acts as a strut. However, the resultant of all
of the strand and stirrup forces is not necessarily directed along the
axis of the strut. Therefore the critical section at the junction of
the web and top flange is subjected to an eccentric load which can ini-
tiate the crushing failure. This appeared to be the case in F-3, F-7,
and F-10, shown in Fig. 15. In these failures the shear reached a maxi-
mum and slowly dropped off. At some point the action described in the
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preceding paragraph occurred, and the beam suddenly lost its remaining
strength.
Several test beams had a wedge shaped piece of the compression
flange sheared out. For example, refer to the pictures of F-16 in
Fig. 17, and F-18 in Fig. 29. In the first test on beams subjected to
concentrated loads, this phenomenon was associated with some of the
failures. caused by fracture of the stirrups, particularly for the longer
shear spans. In the second tests, however, failures of this type occurred
in which there were no stirrups fractured, the failure. being classified
as shearing of the compression flange. The action which caused the
wedge shaped piece of the compression flange to be sheared out is illus-
trated in Fig. 44. In this figure, point 0 is the apex of an inclined
crack. The forces acting on any place OP emanating from point 0 would be
very complex and difficult to determine. However, they may be represented
by a resultant shear, thrust, and moment - VOP ' TOp' and MOp - respec-
tively. It is evident, therefore, that the moment, MOp' may produce
tensile stresses at the apex of the crack, causing it to extend. Be-
sides being responsible for the failures which were classified as shear-
ing of the compression flange, the moment, MOp' could also have caused
the stirrup fracture failures which in many cases occurred at or toward
the top of an inclined crack.
The failure in the uniform load test on F-17, shown in Fig. 28,
fits the action described in Fig. 44 very closely. The failure occurred
approximately at the third point. However, just prior to failure spall-
ing of the extreme fibers in compression was observed at the location
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which after failure was seen to be at the front of the wedge.
It is therefore evident that the nature of the forces which
caused the shear failures in the test beams is very complex. Whereas
the web crushing failures tended to occur on the shorter shear spans,
the stirrup fracture failures on the longer shear spans, and the fail-
ures due to shearing of the compression flange only in the reloaded
tests, there was no clear dividing line bet:ween the different types
of failure with respect to either of the two principal variables in
the test program, rf /loa and a/d. The failures were further compli-y
cated by the somewhat random manner in which the crack patterns formed.
The difficulty in developing a rational mathematical formulation of the
observed behavior is therefore apparent, and consequently an empirical
evaluation of the shear strength was made.
Evaluation of the Concentrated Load Tests /
'!
The effect of the two principal variables in this investigation,
amount of web reinforcement and length of shear span, on the shear
strength of the test beams subjected to concentrated loads is shown in
Fig. 45. By means of the different symbols, differentiation can be
made between the shears causing failure in the first and second tests.
The amount of web reinforcement in the failure region is indicated by
the value of rf /100 written beside each point. The applied load sheary
causing flexural and significant inclined cracking and the shear which
would develop the flexural capacity of an "average" test beam are indi-
cated by V ,V. , and Vf ,respectively. Development of these curvescr ~c . u
was presented in Sections 5.2, 5.3, and 5.4.
4<,
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Fig. 45 shows that the presence of vertical stirrups enables
the beam to carry a greater shear than the shear causing significant in-
clined cracking. For every shear span, an increase in rf /100 isy
"
accompanied by an increase in the ultimate shear strength, except for
the three beams which had the critical shear span increased 10 in. for
the second test. That there can be substantial variation in the re-
sults i.s shown by the tests on F-Xl on a 48 in. shear span. Both shear
spans had an equal amount of web reinforcement, rf /100 equal to 117.y
However, the shear capacity of the beam was 18 percent greater in the
second test than in the first test.
The effect of the two principal variables on the nominal
ultimate shear stress, v
u
' where:
.,
v
u
v
u
b'd (25)
is shown in Fig. 46. Contours of the test results were drawn for rf /100y
'.
values of 50, 100, 150, and 200. This figure shows that the nominal
shearing stress at failure decreases with increasing aid ratio for a
given amount of web reinforcement. The lowest ultimate shearing stress
in any beam at failure was 400 psi.
Since Fig. 45 showed that web reinforcement enabled the beam
to carry a shear equal to and in general greater than the shear causing
significant inclined cracking, consideration was directed towards re-
lating the difference between the ultimate shear and the shear causing
significant inclined cracking to the amount of web reinforcement. A
non-dimensionalized arrangement of the test results was obtained by
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plotting. (V - V. )/b'c1/f' against rf /lOWf' as shown in Fig. 47. The
u ~c c y,_'.o~,~ c'
units of If' are assumed to be psi. The ~~hcrete strength was formulated
c . ',~,;=c
as the If' rather than f' because the If' ~~n generally be linearly re-
c c c
lated to the tensile strength of the concrete and to the average ultimate
compressive stress of the concrete in bending, klk3f~, which are in turn
associated with V. and Vf ' respectively.~c u
The results of the tests on F-20, F-2l, and F-22 are not shown
in Fig. 47 because the mode of failure of these three beams did not permit
an experimental determination of the inclined cracking shear in the same
manner as the other beams subjected to concentrated loads. Also, the
results of the second tests on F-ll, F-13, and F-19 are not shown because
the inclined cracking shear may have been influenced by the change in
length of shear span for the second test.
An improvement in the grouping of the data was obtained by
using predicted values of the inclined cracking shear, as shown in Fig.
48. Based on the work in Section 5.3, V. was calculated as the least
~c
applied load shear which will cause either (1) a principal tensile
stress at the center of gravity of the beam equal to (8 - 0.78 a/d)/f'
c
at a section located at the mid-point of the shear span, or (2) a ten-
sile stress in the bottom fibers of the beam equal to 9.5/f' at a sec-
c
tion located (a + 31.6 - 15.6 (a/d) + 0.88 (a/d)2) in in. from the re-
action. The results of all of the concentrated load tests are included
in Fig. 48, V. being determined for the critical shear span.
~c
From a regression analysis of the data in Fig. 48, the follow-
ing equation for predicting the ultimate shear was obtained:
" ·rf
V
u
= Vic + 2.04 b'd lOt - 0.94 'b'd/f~
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(26)
Values of'V were calculated for all of the concentrated load tests using
u
Eq. 26, and are given in Table 10, along with the test to predicted ratio
of shear strength. The average test to predicted ratio for .. the concen~
trated load tests based on Eq. 26 was 1.01.
The test to pr~dicted ratios of shear strength were compared in
\
Fig. 49 to the aid ratio on which the tests were conducted. It is evident
that Eq. 26 does not provide" a uniform relationship between the test to
predicted ratios over the entire range of shear spans investigated, and
therefore does not represent the behavior of the test beams. This is
due to the weighting in the test beams of the lower amounts of web re-
inforcement to the tests with the longer shear span.
Therefore another relationship for the ultimate shear strength
was sought which would be in better agreement with the observed behavior
of the test beams. It was considered desirable that this relationship
should have a physical interpretation. The relationship selected. was:
V
u
rf
Vic + 1.16 bid~ (27)
•
An interpretation of this equation can be made by reconsidering the
general free-body diagram at an inclined crack shown in Fig. 41. Two
of the forces in this free-body diagram, T and V h,are due to the
v w
doweling action in the strand and web reinforcement, respectively.
These forces are caused by the separation of the inclined crack inter-
face, normal to the path of the crack. This separation tends to cause
sharp changes in direction, or kinks, in the strand and stirrups. For
4.
4
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these kinks to exist, concentrated forces of appreciable magnitude would
also have to exist in the concrete at the crack interface. Such forces
would cause- localized crushing of the concrete, relieving the kink and
tending to restore the line of action of the resultant force to the
direction of the reinforcement. Furthermore, doweling action of any
appreciable magnitude in the strand would also tend to destroy itself
by causing flexural cracks in the cantilevered extension of the beam
at the inclined crack. The existence of such cracks was observed in
the concentrated load tests. Therefore the doweling forces atulti-
mate load in the strand and web reinforcement were believed to be small
and of secondary importance.
Considered as a part of T was the shear transferred by the
v
concrete in the tension flange area of the beam. This would be of con-
sequence, only for short shear spans.
Assuming V hand T equal to zero and letting V equal V ,
w ·v wv w
the equation for vertical ,equilibrium at the inclined crack becomes:
V = V + V
c w
(28)
Making use of the previously mentioned work by Mattock and Kaar(24) and
Bruce(25) which has shown that yielding of bonded stirrups crossed by
the crit~cal inclined crack occurs in beams failing in shear, V may be
w
expressed as:
V
w
= A ~ f
v s y (29)
'.
where Sd is equal to the horizontal projection of the effective length
of the inclined crack. The effective length is regarded as the distance
along the path of the crack from the apex to the lowest point at which
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the web reinforcement is effective. After using Eq. 6, Eq. 28 may be
expressed as:
rf
V = Vc .+ b'~d ~ (30)
It was shown in Section 5.3 that the ultimate shear carried by I-beams
of the type tested herein without web reinforcement was cJopely equal to
the shear causing significant inclined cracking. Assu~ing that the con-
tribution to the ultimate shear carried by the concrete in beams with web
reinforcement is approximately equal to the shear causing significant in-
clined cracking, or:
V =V.
c ~c
Eq. 28 may be expressed as:
Studies of the photographs of the test beams after failure indicated
that ~d could be conservatively approximated as the distance from the
extreme fiber in compression to the lowest level at which the web re-
inforcement was effecttve, i.e. 16.5 in. So ~ is equal to 1.16 and
(31)
(32)
Eq. 27 is established. Eq. 27 has been plotted in Fig. 48 for compari-
son with the test results. Predicted ultimate shear strengths and test
to predicted ratios based on Eq. 27 are given in Table 10. The average
test to predicted ratio for the concentrated load tests was 1.02.
The test to predicted ratios of ultimate shear strength deter-
mined from Eq. 27 are compared to the length of shear span in Fig. 50.
It is evident that Eq. 27 is a better prediction equation than Eq. 26
for the ultimate shear strength of the concentrated load test beams. The
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scatter of the test results is reduced at both the lower and higher aid
ratios. The test to predicted ratios are greater than one for the lower
aid ratios as expected, because the factors neglected in developing
Eq. 27 become important as the aid ratio decreases. For aid ratios
greater than 3, the average test to predicted ratio is 1.01. Eq. 27 was
therefore regarded as the solution which agreed ~ost closely with the
observed behavior of the test beams.
In the concentrated load tests, stirrup spacings were· used
which varied between 3.2 and 10 in. Test to predicted ratios of shear
strength, based on Eq. 27, are compared to the stirrup spacing in' Fig.
51. It is apparent that the different spacings had no discernible
effect on the shear strength.
Correlation with the Uniform Load Tests
The results of the two uniform load tests were examined.for
correlation with the results of the concentrated load tests. Both of
these tests had the same amount of web reinforcement, rf 1100 equal toy
56, provided by single 3/16 in. diameter bars spaced at 6 in. F-17 and
F-18 were tested on 150 and 210 in •. spans, respectively. Shear failures,
described in Section 4.3, occurred in both beams at approximately the
third point of the span length.
The shear causing significant inclined cracking in the con-
centrated load tests was influenced by: (1) the existence of nearly
constant shear in the shear span, and (2) the application of the load
at a point. Both of these characteristics of the concentrated load
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tests had to be taken into account in determining a method for calculating
the shear causing significant inclined cracking in the uniformly loaded
test beams. Because the shear was nearly constant in the shear span,
diagonal tension cracking in the concentrated load tests formed at
random locations. in the shear span. However, the diagonal tension
cracks which caused the shear failures generally crossed the center of
gravi~y of the beam near the mid-point of the shear span. Therefore in
predicting the shear causing diagonal tension cracking from Eq. 12, it
was assumed that the point at which the critical principal tensile stress
of (8 - a/d)/f' caused cracking was at the mid-point of the shear span.c .
Because the dead weight, of the test beams was small, the assumption had
only an insignificant effect on the predicted diagonal tension cracking
shear.
When the shear varies, as in the uniform load tests, it is
necessary to closely define the section at which diagonal tension crack-
ing is being predicted. This was done for the uniform load tests by
assuming that the shear at a distance x from the reaction causing signifi-
cant diagonal tension cracking was equal to the shear causing a principal
tensile stress of (8 - x/d)/f' at the center of gravity of a section 10-
c
.cated (x - yd) from the reaction. yd is the horizontal distance from
the apex of the crack to the point where the crack crosses the cg, as
illustrated in Fig. 52. Since the slope of the stress trajectories at
the cgwas approximately 30 degrees, yd was assumed equal to 1.7 times
the distance from the junction of the web and top flange to the cg, or
very nearly d/2.
-%-
Significant flexure shear cracking in the concentrated load
tests was affected by the location of the load point. This was incor-
porated into the evaluation of the test results by Eq. 16, which located
the point at which a critical crack began in relation to the load point.
The distance that the critical flexure sh~ar crack began from the load
point varied from approximately one to two and one-half times the effec-
tive depth of the beam as the aid ratio was increased from approximately
4, where the transition from diagonal tension cracking to flexure shear
cracking took place, to 8. Assuming that the flexure shear crack starts
a distance equal to the effective depth of the beam from the apex of the
crack, the critical section for flexure shear cracking was therefore
being assumed at a distance varying between zero and one and one-half
times the effective depth of the beam from the load point. The small
dead weight of the test beams, however, made it unnecessary to consider
this when the shear causing flexure shear cracking was predicted in
Section: 5.5.
For the uniform load tests, it was assumed that the shear at
a distance x from the reaction causing significant flexure shear crack-
ing was equal to the shear causing a tensile stress of 9.5/f' in "the
c
bottom fibers at a section located (x - d) from the reaction. In effect,
the flexure shear crack was b~ing assumed to start at a distance equal
to the effective depth of the beam from the apex of the crack, as shown
in Fig. 52.
The predicted inclined cracking shear at distances x from the
reaction, less the dead load shear, is plotted on the applied load shear
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diagram at ultimate load for F-17 and F-18 in Figs. 53 and 54, respec~
tive1y. The shear diagram for F-17 shows that there were two regions
in the beam where the ultimate applied load shear, V , exceeded the
,u
predicted inclined cracking shear. Th~ region closest to the reaction
would be associated with diagonal tension cracking. The interior region
would be associated with flexure shear cracking. Fig. 28 shows that the
failure occurred as the result of the flexure shear cracking.
The greatest differertte between the predicted inclined crack-
ing shear and the ultimate shear for F-17, in the region of flexure
shear cracking, occurred ,at a section located 54 in. from the reaction.
This section can be located in Fig. 28 as the line representing the 9th
stirrup from the reaction. It is evident that 'this is as close to the ,~
critical section as can be determined from the photograph of the failure.
At the critical section, the predicted inclined cracking shear and the
ultimate shear are 11.3 and 15.1 kips, respectively. The difference
between the predicted inclined cracking shear and the ultimate shear is
. 3.8 kips. According to Eq. 27, the contribution of the web reinforce-
ment to the shear strength would be 1.16 b'd(rf /100), or 2.8 kips.y
Therefore the test to predicted ratio of ultimate shear strength is 1.07.
The shear diagram for F-17 in Fig. 53 would appear to indicate
that diagonal tension cracking rather than flexure shear cracking was
critical. However, the predicted di,agona1 tension cracking shear was
,based on an assumed state of stress at the center of gravity which neg-
1ected the presence of vertical stresses. For small values of x the
,
vertical stresses are appreciable, and therefore the predicted values
..
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would be less than the actual cracking shear. Diagonal tension cracking
first occurred in one end of F-17 at a load of 7.4 kips per ft, at which
load.the reaction was equal to 46.2 kips. The partially drawn shear
diagram for a load of 7.4 kips per ft indicates that the critical section
for diagonal tension cracking was approximately 23 in., or 1.8d, away
from the reaction. Fig. 28 shows that the diagonal tension crack actually
formed such that the apex of the crack is approximately 12 in. from the
reaction. Therefore some other state of stress than the prescribed state
of stress was critical in ~ausing the diagonal tension cracking. Also,
the fact that the shear failure did not occur adjacent to the reaction,
even though the difference between the predicted inclined cracking shear
and the ultimate shear is greater than in the interior regions, supports
the observation drawn from the concentrated load tests that the shear
strength is increased for short shear spans .
The shear diagram for F-18 in Fig. 54 also shows two regions
in the beam where the ultimate shear exceeded the predicted inclined
cracking shear. Fig. 29 shows that the failure occurred as the result
of flexure shear cracking. The greatest difference between the predicted
inclined cracking shear and the ultimate shear occurred at a section lo-
cated 68 in. from the reaction. By counting 11 stirrups from the re-
action in Fig. 29 and estimating an additional 2 in., it can be seen
that the predicted failure section.is in close agreement with the actual
failure section. At the critical section, the predicted inclined crack-
ing shear and the ultimate shear are 10.1 and 14.8 kips, respectively.
The difference is 4.7 kips. Therefore the test to predicted ratio of
ultimate shear strength was 1.15.
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Although the predicted inclined diagonal tension cracking shear
is less than the ultimate shear for a short distance close to the reaction,
no diagonal tension cracking occurred in either end of F-18. The predicted
inclined cracking curve intersects the ultimate shear diagram approxi-
mately 27 in., or 1.9d, away from the reaction.
The results of the uniform load tests therefore show good agree-
ment with the behavior predicted on the basis of the concentrated load
tests.
6. PREDICTED SHEAR STRENGTH OF PRESTRESSED CONCRETE BRIDGE GIRDERS
6.1 DIFFERENCES BETWEEN THE TEST BEAMS AND FULL-SIZED BRIDGE GIRDERS
The test beams were designed and fabricated so as to be re-
presentative of precast prestressed girders used in bridges in
Pennsylvania. These girders have I or box shaped cross-sections. The
compression flange to web width ratio of the sections currently being
used(26) varies between 1.43 and 3 for the I-beams and is either 3.6
or 4.8 for the box beams, compared to 3 for the F Series test beams.
High strength concrete is used to cast the full-sized bridge girders,
which generally has a strength greater than 5000 psi in two days,
because of steam curing until the time of prestress release, and 7,000
psi in 28 days. Similar high strength concrete was used in the F Series
beams, except that the moist curing procedure used in the laboratory re-
quired approximately five days to reach the strength of 5000 psi. The
size and type of prestressing strand used in the test beams was the same
as that used in full-sized girders. However, to get shear failures in
the test beams it was necessary to use No. 3 and Na. 2 hot rolled de-
formed bars and 3/16 in. diameter annealed deformed masonry wire for
web reinforcement. The No.3 and No.2 deformed bars are the same type
of bar used in bridge girders, except of smaller size. After annealing,
the yield point and ductility of the masonry wire were similar to that
of the hot rolled bars.
The concentrated and uniform loads applied to the test beams
differ in two significant respects from the highway loads on br~dge
girders. In the first place, the loads applied in the laboratory were
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either entirely uniform,or entirely concentrated, whereas the loads on
bridge girders are somewhere between these two extremes. In the second
place, the loads applied in the laboratory were stationary loads, whereas
the applied loads on bridge girders are moving loads.
The basic behavior of the test beams under either concentrated
or uniform loads was the same. Flexure shear and diagonal tension crack-
ing was observed in both types of tests. The shear failur~observed in
the uniform load tests were similar to the failures observed in the con-
centrated load tests. Furthermore, the ultimate shear strength of the
uniformly loaded test beams was closely predicted by a method based upon
the results of the concentrated load tests, which was described begin-
ning on page 95. Therefore it was concluded that the ultimate shear
strength of beams under combined concentrated and distributed loadings
I
should be closely predicted by a similar method~
The method used to predict the shear strength of the concen-
trated and uniform load tests differed in the method of calculating the
shear causing significant inclined cracking. In the case of the con-
centrated load tests, the.diagonal tension cracking shear was calculated
as the shear causing a centroidal principal tensile stress of (8 - a/d)/f'
c
at the mid-point of the shear span. The flexure shear cracking shear was
calculated as the shear causing a tensile stress of 9.5/f' in the bottom
c
fibers at a section located at a distance from the load point given by
Eq. 16. This procedure was generalized for calculating the shear caus-
ing significant inclined cracking at any section at a distance x from a
reaction in the uniformly loaded test beams by an idealization of the
critical inclined crack, as illustrated in Fig. 52. The section assumed
.,
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to be critical in the evaluation of shear strength is through the apex
of the crack. Diagonal tension cracking was assumed to occur when a
centroidal principal tensile stress of (8 - x/d)/f1was reached at a
c
distance equal to yd from this section. Flexure shear cracking was
)
assumed to occur when a tensile stress of 9.5/f l in the bottom fibers
c
was reached at a d distance from this section.
When a beam is subjected to combined concentrated and dis-
tributed loadings, the critical section for significant inclined crack-
ing could be either near the load point, as for the concentrated load
tests, or away from the load point, as for the uniform load tests. Th~
concentrated load tests showed, however, that the critical section
,
should not be taken adjacent to the load point. For flexure shear crack-
ing, based on Eq. 16 and the idealization of the inclined crack shown in
Fig. 52, the critical section was located up to one and one-half times
the effective depth of the beam from the load point, depending on the
shear span to effective depth ratio. In full~sized beams, if the criti-
cal section were near the load point, the distance that the section should
be assumed from the load point would depend upon many factors, including
the type of cracking, the relative magnitude of the concentrated and
distributed loads, and the geometry of the compression flange. Fortu-
nately, the need for defining this distance is largely obviated by the
fact that the concentrated loads on bridge girders are moving loads.
The influence that the load point has on the inclined crack is neces-
sarily lost as the load point moves away, and could even create a more
critical condition than if the critical section had been assumed adjacent
to the load point.
-,
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The effect of a moving load was simulated by the second tests
on F-ll, F-13, and F-19. In these three tests, the length of the shear
span was increased for the second test. In effect this created a condi~
tion similar to that which would exist when an inclined crack is caused
by a moving concentrated load. The second tests on these beams were con-
ducted on aid ratios of 3.53, 4.94, and 5.64. The test to predicted
ratios of shear strength, based on Eq. 27, were LOl, 0.99, and 0.87,
respectively. This indicates that the effect of moving the load point
became more critical as the aid ratio was increased. Since flexure
shear cracking was critical in the tests on the aid ratios of 4.94 and
5.64, these results further indicate that moving the load point de-
creased the test to predicted ratio at the same time that the critical
section was being assumed further from the load point. If the shear
causing significant inclined cracking were calculated as the shear
causing a tensile stress of 9.S/f' in the bottom fibers at a section 10-
c
cated (a - d) from the reaction, or in other words assuming that the
critical section is adjacent to the load point, the test to predicted
ratio of shear strength for the test on the aid ratio of 5.64 becomes
1.05. Therefore this test indicates that the effect of a moving load
can be accounted for by assuming that the critical section is located
adjacent to the moving load point.
There is another effect of a moving load which needs to be
considered. Depending upon the magnitude of the flexural cracking mo-
ment and the relative magnitude of .the dead load to the moving load, it
may be possible for inclined cross-cracking to occur. This situation
would be associated with flexure shear cracks initially'forming in one
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direction, and thenas.the load moves on to another position, new flexure
shear cracks would form across the existing cracks. Tests on the remain-
ing segments of some of the test beams, mentioned in Section 3.1, indicated
that when inclined cross-cracking did occur, the shear strength was re-
duced. In typical bridge girders, it is probable that cross-cracking
could occur only in the middle half of the span. Consequently a lower
critical tensile stress than 9.5/f' should be used to calculate the shear
c
causing flexure shear cracking for the higher shear span to effective
depth ratios. A value of ~f' is recommended. This stress also provided
c
-,
a reasonable although slightly conservative basis for calculating the
flexural cracking moment in the test beams, as discussed in Section 5.2.
Therefore it is believed that the shear causing significant in-
clined cracking in beams subjected to comhined concentrated. and distri-
buted loadings, where the concentrated loads may be moving loads, can be
calculated in the same manner as for the uniform load tests, except that
the critical tensile stress causing flexure shear cracking should be
taken as ~f'. The shear strength can then be evaluated assuming that
c
the shear carried by the concrete is equal to the shear causing signifi-
cant .liclined cracking and that the shear carried by the web reinforcement
is equal to the force in the stirrups, stresse~ to the yielded point,
crossed by the idealized crack shown in Fig. 52.
Although all. of the test beams had the same size and shape of
cross-section, it is believed that this method can be used to evaluate
the shear strength of beams of different size and shape. The prediction
of the load causing significant inclined cr~cking was based upon a stress
condition in the beam, and therefore can be applied directly to any
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other type of beam. Consequently the load which can be carried after in-
clined cracking is probably most affected by the size and shape of the
beam. This load would be limited by the different modes of failure that
would occur. For example, web crushing failures would be expected to pre-
dominate in composite beams or beams with large compression flanges. How-
ever, the assumption at ultimate load that the shear. carried by the concrete
is equal to the shear causing significant inclined cracking and that the
shear carried by the web reinforcement is equal to the force in the
stirrups crossed by an idealized inclined crack is believed to be con-
servative for bridge girders irrespective of the mode of shear failure.
Further consideration is given to beams of different size and shape in
Sec~ion 6.3, where the method recommended to evaluate shear strength is
applied to tests conducted at the University of Illinois.
6.2 PREDICTION OF ULTIMATE SHEAR STRENGTH
It is recommended that the ultimate shear strength of simply
supported prestressed bridge girders with vertical web reinforcement be
determined from:
where V
u
~d A :f
V =V+ v~y~
u c s
ultimate shear strength at a section located a
distance x from the support
(33)
V = shear carried by the concrete, assumed equal to
c the shear causing significant inclined cracking
Sd = effective horizontal projection of a significant
inclined crack, assumed equal to the distance from
the extreme fiber in compression (in composite beams
from the top of the precast element) to the lowest
level at which the stirrups are effective
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A = cross-sectional area ot one stirrup
v
s = spacing of stirrups
f yield point of the web reinforcementy
In applying Eq. 33 to beams with non-uniform stirrup spacings, A /s shall
v
be determined as the average area of stirrups per unit length within the
region (x - ~d) and x. At sections closer to the support than x equal to
2Sd, Eq. 33 is overconservative provided that the prestress force is
fully effective in this region.
The right-hand term of Eq. 33, which is the shear carried by
the stirrups, shall not be considered as adding to the ultimate shear
strength unless the following conditions are fulfilled:
A f
v. Y
b' s
s
> 80 psi
< 5/8 ~d
the support.
The shear carried by the concrete, V , at a section located
c
a distance x in inches from the support shall be the least shear pro-
ducing either (1) a principal tensile stress at the level of the beam
at which Q /b is a maximum of (8 - x/d)/f' for x/d < 5, or ~f' for x/dy y c c
> 5, at a section located (x - yd) from the support, where yd is equal to
1.7 times the distance from the cg to the junction of the web and top
flange, or zero if the cg is above the junction, or (2) a tensile
stresses in the bottom fibers of 8/f' ·at a section located (x - d) from
c
In general, Q /b will be a maximum at the cg when the cgy y
falls in the web, or at the junction of the web and flange when the cg
falls in the flange.
..
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For non-composite beams proportioned so that the cg falls in
the web and loaded so that the maximum shear at the section located an
x distance from the support is produced by a uniform load, w, including
the dead load, and concentrated loads, the latter at distances from the
support equal to or greater than x, V may be determined as the least
c
value of V. from Eq. 34 or Eq. 35 :
~c
V. Ib' J(fc g)2 + F (fcg ) - wyd (34 )=~c Qcg pt A pt
where
or
and
where
6.3 DISCUSSION
The recommendations in Section 6.2 for predicting the ultimate
shear strength of prestressed concrete bridge girders are based upon the
results of 38 tests on I-beams described and analyzed in the preceding
chapters. These tests showed that ultimate shear strength in beams with
different amounts of web reinforcement can be evaluated assuming:
(1) that the shear carried by the concrete at ultimate load is equal to
the shear causing significant inclined cracking, and (2) that the shear
carried by the vertical web reinforcement is equal to the force in the
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in the web reinforcement, stressed to the yield point, which is crossed
by an idealized inclined crack.
The tests,showed that beams with small amounts of web reinforce-
ment may fail at the load causing significant inclined cracking. In
these cases there was not enough web reinforcement in the beam to effect
the re-distribution of shear at inclined cracking required for the beam
to carry a greater load. A shear failure at the inclined cracking load,
even though it may not be sudden or catastrophic, is still undesirable
because there is no advance indication of distress in the region in
which failure occurs. The tests also showed that beams with small
amounts of,web reinforcement may fail prematurely due to separation of
the tension flange from the rest of the beam. To prevent these types of
failures it was concluded that the amount of web reinforcement should not
be less than A f /b' equal to 80.
v y s
Spacing of stirrups in the tests ranged from approximately 1/5
to 5/8 of the distance from the extreme fiber in compression to the
lowest level at which the web reinforcement was effective. No reduction
in shear strength due to excessive stirrup spacing was noted in any of
the tests. Furthermore, it was observed in several tests in which stirrup
fracture failures occurred that the location of the fracture was near the
apex of the inclined crack. Therefore it was concluded that the vertical
stirrups could be spaced at distances up to 5/8 of the assumed effective
horizontal projection of the inclined crack.
It is important to note that a satisfactory prediction of
shear strength can be made even if the assumptions upon which the pre-
..
".
-109-
diction is made are substantially in error. This is due to the effect
that prestressing has on the behavior of a concrete beam, and is clearly
illustrated by Fig. 45. Except for the shorter shear spans, the shear
causing significant inclined diagonal tension or flexure shear cracking
is approximately three-fourths of the shear required to develop the flex-
ural capacity. In comparable non-prestressed beams, the inclined crack-
ing shear would be a much smaller part of the flexural capacity. Web re-
inforcement was needed to give the test beams a greater capacity than the
shear causing inclined cracking. But even if the increased capacity due
to the web reinforcement was entirely discounted and the evaluation of
shear strength was based only on the load causing significant inclined
cracking, the error involved would generally be less than one-third •
Therefore it is not surprising that a method which closely predicts the
shear causing significant inclined cracking and adds a reasonable esti-
mate of the shear carried by the stirrups provides a satisfactory means
of evaluating ultimate shear strength, particularly when the variability
of the shear strength phenomenon is also considered.
The differences between the test beams and full-sized bridge
girders were discussed in Section 6.1, and were taken into account in
the recommendations for predicting the shear strength of bridge beams
presented in Section 6.2. These recommendations have been used, with-
out regard to the limitations on amount and spacing of the stirrups, to
predict the inclined cracking and ultimate shear strength of the F Series
beams, and the predicted values so obtained are compared to the test
values in Table 11. Comparisons are also included in Table 11 for two
beams with web reinforcement in the E Series(7) which failed in shear.
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(17) . (18)Tests carried out by Hernandez and MacGregor at the
University of Illinois were described in Chapter 1. The recommendations
in Section 6.2 have been used to predict the inclined cracking and ulti-
mate shear strength of those test beams which failed in shear, and are
compared to the test values in Table 12. Of particular interest are the
results of the test on FW.14.06. This I-beam with a flange to web width
ratio of 3.43 had a composite slab cast on top of the beam. As may be
seen from Table 12, the recommendations in Section 6.2 conservatively
predicted the inclined cracking and ultimate shear strength.
The test to predicted ratios of ultimate shear strength for
the Lehigh tests and the University of Illinois tests are plotted in
Fig. 55. Only three of the combined 54 tests have a test to predicted
ratio of less than one. There is also good correlation between the
Lehigh tests and the tests at the University of Illinois, even though
. the concrete strength of the two groups of tests are quite different.
The average concrete strength of the Illinois tests included in Fig. 55
is approximately 3500 psi, compared to an average concrete strength of
approximately 6500 psi for the Lehigh tests.
The test to predicted ratios of shear strength in Fig. 55 are
least in the neighborhood of an a/d ratio of 4, and increase with both
increasing and decreasing values of a/d. The increase in the test to
predicted ratios for the shorter shear spans reflects the increase in
strength due to the closeness of the load point and the reaction. It
would be difficult to take this added strength into account, and it also
is undesirable to do so because the shear strength for short shear spans
is greatly influenced by the bond and anchorage conditions in the end of
the beam.
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The increase in the test to predicted ratios for the longer
shear spans is due to taking the critical section adjacent to the load
point, rather than some distance away from it as in the analysis of the
concentrated load tests. As discussed in Section 6.1 moving loads are
more critical than stationary loads, particularly for the longer shear
spans where inclined cross-cracking is a possibility. Taking the criti-
cal section adjacent to the load point and using a reduced stress for
predicting flexure shear cracking was assumed to take the effect of
moving loads into consideration. In conjunction wIth this it should
also be noted that the required shear strength of a beam decreases with
increasing length of shear span. Consequently if the differences between
the test and predicted shear strengths, given in Table 12, are examined,
it is evident that these are nearly constant for all except the very
short shear spans, even though the t~st to predicted ratio of shear
strength increases". Therefore it is believed that the recommendations
I,
presented in Section 6.2 provfde a satisfactory method for predicting
the ultimate shear strength of prestressed concrete bridge girders.
.,
7. SUMMARY AND CONCLUSIONS
The objective of this investigation was the evaluation of ulti-
mate shear strength in prestressed concrete beams. Thirty-eight tests on
23 I-beams were conducted to evaluate the effect of variation in the
amount of web reinforcement and the shear span to effective depth ratio.
The test beams were designed and fabricated so as to be representative
of precast prestressed bridge girders.
Thirty-six of the tests were either one, two, or three point
concentrated load tests. These tests were conducted on shear span to
effective depth ratios ranging from 2.12 to 7.76, and shear failures
were obtained in all but one test. Two beams were subjected to uniform
loads. These beams were loaded on span length to effective-depth ratios
of 10.6 and 1~.8, and shear failures were obtained in both tests.
Particular attention waS directed to the determination of the
shear causing significant inclined cracking and the modes of shear failure.
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Inclined cracking was classified as either diagonal tension or flexure
shear. Diagonal tension cracking occurred in the shorter shear spans
when principal tensile stresses in the web reached values comparable to
the direct tensile strength of the concrete. Flexure shear cracking
occurred in the longer shear spans when the stresses in the bottom
fibers reached values comparable to the flexural tensile strength of the
concrete in regions in which shear waS present. Because of the presence
of shear, the flexure shear crack, starting as a flexural crack, would
turn and become inclined in the direction of increasing moment. In some
cases the initiating flexural crack would precipitate inclined cracking
directly above it. The shear causing significant inclined cracking was
the shear causing the formation of an inclined crack which ultimately
was associated with the shear failure.
Four different modes of shear failure were observed. Three of
these were due to inclined cracks which remained entirely within the
shear span and were caused by (1) crushing of concrete in the web,
(2) shearing of the compression flange, and (3) fracture of the web
reinforcement. The fourth mode of failure observed was shear compression,
which occurred when the inclined crack penetrated the constant moment
region adjacent to the shear span.
It was concluded that the ultimate shear strength of prestressed
concrete beams under combined concentrated and distributed loadings, can
be determined assuming (1) that the ultimate shear at any section which
can be carried by the concrete is equal to the shear causing significant
inclined cracking, and (2) that the shear carried by the web reinforce-
'-'"
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ment at the same section is equal to the force in the web reinforcement,
stressed to the yield point, crossed by an idealized inclined crack. The
method presented in Section 6.2 for predicting the shear strength of
bridge girders is based on these assumptions.
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8. NOTATION
Length of shear span
Length of shear span in first or second test
Cross-sectional area of beam .
Cross-sectional area of steel at a particular. level, i
Cross-sectional area of one stirrup
Width of compression flange
Width of I-beam at y level
Web width of I-beam
Distance·. from extreme fibers in compression to
neutral axis
Horizontal component of the resultant compressive
force in the concrete
Center of gravity of beam cross-section
Center of gravity of steel
Distance from extreme fiber in compression to cgs,
or effective depth
Distance from extreme fiber in compression to
resultant horizontal tensile force in steel
Distance from. extreme fiber in compression to
particular level, i, of steel
Distance from cg to cgs
Modulus of elasticity of concrete
Normal stress
Principal tensile stress
Principal tensile stress at the cg
Tensile normal stress in the bottom fibers
Stress in steel at a particular level, i
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Yield point of web reinforcement
Ultimate tensile strength of web reinforcement
Ultimate compressive strength of concrete
Ultimate tensile strength of prestressing steel
Splitting tensile strength of concrete
Flexural tensile strength of concrete
Prestress force at the time of test
Prestress force before transfer
Particular level of steel
Moment of inertia of beam cross~section
Ratio of distance betweenC and T to d
Ratio of maximum compressive stress to average
compressive stress
Ratio of distance from extreme fibers in compression
to resultant compressive force in the concrete to c
Ratio of maximum compressive stress to strength of
concrete, fl, determined from standard cylinder tests
c
Span length
Moment
Applied load moment causing flexural cracking
Dead load moment
Moment causing flexural cracking
Moment causing flexural failure
Number of levels, i, of steel
Moment, about the cg, of the area of the cross-section
on one side of the horizontal section on which the
shearing stress is desired
Q for an I-beam taken at the junction of the web
and compression flange
•r
s
T
Th
T
v
v
v
u
V
V
c
V
cr
Vfu
V.
~c
V
u
V
wh
V V
wv' w
w
x
y
Q for a section taken at the cg
Q for an I-beam taken at the junction of the web
and tension flange
Q at y level
Vertical web reinforcement ratio in percent, equal
to lOOA /b' s
v
Spacing of vertical stirrups
Resultant tensile force in the steel
Horizontal component of the tensile force in the
steel
Vertical component of the tensile force in the
steel
Shear stress
Nominal ultimate shear stress
Shear
Shear carried by the concrete
Applied load shear causing flexural cracking
Applied load shear causing flexural failure
Applied load shear causing significant inclined
cracking
Ultimate shear
Horizontal component of force in the web
reinforcement
Vertical component of force in the web reinforcement
Uniform load
Horizontal location of general point measured from
the reaction
Vertical location of general point measured from
the cg, positive upwards
Distance from the cg to the intersection of the
web and top flange
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Zb Section modulus with respect to stress in the bottom
fibers
z,t Section modulus with respect to stress in the top
fibers
Dimensionless parameter which, when multiplied by
d, defines the distance from the section under
investigation to the location of a flexural crack
responsible for the development of significant
flexure shear cracking
Dimensionless parameter which, when multiplied by
d, defines the effective horizontal projection of
a significant inclined crack
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Dimensionless parameter which, when multiplied by
d, defines the distance from the section under
investigation to the point along the cg at which
significant diagonal tension cracking begins_
Strain
Tensile concrete strain at a particular level, i,
when first crossed by a crack
Compressive strain in the concrete at a particular
level, i
Tensile concrete strain at a particular level, i,
after being crossed by a crack
Tensile concrete strain at a particular level, i
Strain in steel at the effective prestress force
at a particular level, i
Total strain in steel at a particular level, i
Ultimate concrete compressive strain
Angle, with respect to the horizontal, of the
compressive stress trajectory
Ratio of the steel strain to the tensile concrete
strain at a particular level, i
,9. TABLES
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Tab 1e 1. Test Beam Details
Beam Region Length Web
.:!l Beam Region Length Web ~
Reinf. 100 Reinf. 100
(in. ) (psi) (in. ) (psi)
•
A 48 4f2S@8" 117 A 70 #2S@8. 75" . 107
F-X1 B 48 4f2S@8" 117 F-11 B 70 3/16@5" 67
C 50 4F3D@6. 25" C 70 4F3S@7"
A )0 #3S@5" 383 A 80 3116S@4" 84
F-1 B 30 4f2S@5" 188 F-12 B 80 3/16S@8" 42
C 50 4F3D@5" C 50 4F3D@8. 33"
A 40 4t3S@5" 188 A 80 ,3/16S@3.2" 105
F-2 B 40 4f2S@8" 117 F-13 B 80 "3/ 16S@5. 72" 59
C 50 4F3D@6 •25" C 50 4F3S@6 . 25"
A 40 4F3S@6 .67" 287 A 90 3/16S@4.5" 75
F-3 B 40 3/16S@4" 84 F-14 B 90 3/16S@9" 38
C 60 4F3D@6" C 36 #3D@6"
A 50 4f2S@6 . 25" 150 A 100 3/16S@5"
F-4 B 50 4f2S@8. 33" 113 F-15 B 100 3/16S@1O" 34
C 50 4F3D@6 •25" C 16 4F3D@4"
A 50 #2S@5" 188 A 100 3/16S@3 . 33"
F~5 B 50 3/16S@4.16" 81 F-16 B 110 3/16S@7 . 33" 46
,
-
C 60 4F3D@7 .5" C 0
A 100 7C F-17 L 150 3/16S@6" 56
F-6 B 100 3/16S@7 .15" 47
C 16 #2D@4" F-18 L 210 3/16S@6" 56
A 60 4f2S@7 . 5" 125 A 50 #2S@5" 188
F-7 B 60 #2S@10" 94 F-19 B 50 4f2S@6 . 25" 150
C 50 #3D@6.25" C 100 4f2S@5"
A 60 #2S@6" 156 A 60 4f2S@5.46"
F-8 B 60 3/16S@6" 56 F-20 B 70 4f2S@7" ·134
C 60 4F3S@6" C 86 4F3S@5. 75"
A 90 3/16S@3.33" 101 A 50 4f2S@4.16
F-9 B 90 3/16S@6" 56 F-21 B 80 #2S@8" 117
C 36 4F3D@6" C 86 4F3S@5. 75"
A 70 3/16S@3.5" 96 A '40 4f2S@2. 5"
F-lO B 70 3/16S@7" .48 F-22 B 90 #2S@9" 104
C 50 #3D@5" C .86 4F3S@5 . 75"
"l( 3/16S@10" were used beginning at grid line 2 in the first 50 in.
of Region A; 4f2S@6. 25" were used in the remaining 50 in. of
Region A.
...
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Table 2. Properties of the Concrete
•
Beam At Transfer At Test
Age f' Age f' fF f~p Ecc c
(days) (psi) (days) (psi) (psi) (psi) (ksi)
F-X1 5 4920 40 6650 640 650 4000
F-1 5 5250 32 6820 560 570 4300
F-2 5 4680 78 6550 660 540 3800
F-3 5 5530 32 6840· 520 620 3300
F-4 5 4870 33 6340 730 580 4200
F-5 5 5040 36 6410 560 540 3800
F-6 5 4790 34 6230 470 580 3800
F-7 5 5390 27 6620 690 600 3800
F-8 5 5440 27 6880 510 600 4000
F-9 5 5010 29 6660 450 600 4100
F-10 5 5560 27 7050 510 600 3100
F-ll 5 4660 34 6030 510 580 3400
F-12 5 5110 32 6500 510 570 3700
F-13 5 4890 36 6450 490 540 3400
F-14 5 5670 27 6760 510 580 3800
F-15 5 4800 41 5790 520 480 3300
F-16 5 5030 29 6700 510 610 3600
F-17 5 5130 42 6950 560 630 4000
F-18 5 5440 30 6900 520 580 3700
F-19 5 6150 35 7410 560 570 4000
F-20 5 5010 29 5810 570 580 3500
F_21 5 5560 32 6650 600 630 3400
F-22 5 5050 24 5930 580 550 3500
Ave. 5 5170 34 6560 550 580 3720
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Table 3. Prestress Data
Beam F. Percent Losses F Transfer Distance
~
(kips) Transfer Test (kips) End A End B
F-X1 113.6 7.7 -19.2 91.7 16 16
F-1 113.7 7.7 18.8 92.3 19 19
F-2 113.6 8.2 24.0 86.3
-
12
'-
----F-3 113.7 8.5 22.9 87.7 16 16
F-4 113.5 7.7 16.6 94.6 13 15
F-5 113.7 8.8 23.5 87.0 19 16
F-6 113.4 8.3 22.2 88.1 15 16
F-7 113.5 8.2 17.5 93.7 15 14
F-8 113.5 8.2 19.4 91.5 15 15
F-9 113.4 8.5 20.8 89.7 11 12
F-lO 113.4 8.6 - 19.4 91.3 16 13
F-11 113.5 8.6 22.9 87.5 13 13
F-12 113.7 9.1 22.1 88.6 15 14
F-13 113.3 8.3 26.5 83.2 17 16
F-14 113.6 8.8 19.4 91.5 17 17
F-15 113.6 9.4 30.8 78.7 22 20
F-16 113.7 8.2 21.6 89.2 12 12
F-17 113.8 8.9 21.1 89.8 13 14
F-18 113.6 8.2 21.4 89.3 15 18
F-19 113.6 8.0 20.9 89.8 11 11
F-20 113.6 8.3 20.5 90.1 14
F-21 113.7 8.0 21.2 89.5 13 11
F-22 113.6 8.0 20.9 89.8 12 13
Ave. 113.6 8.4 21.5 89.1 15 15
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Table 4. Effective Prestress Strain at Test
Beam Percent Strain Beam Percent Strain
E: E: E: E: E: E:se 1 se 2 se3 se 1 se 2 se3
F-X1 ... F-12 0.569 0.501 0.488
F-1 0.589 0.524 0.511 F-13 0.557 0.471 0.454
F-2 0.561 0.490 0.476 F-14 0.581 0.521 0.509
F-3 0.568 0.497 0.483 F-15 0.541 0.444 0.424
F-4 F-16 0.574 0.505 0.492
F-5 0.564 0.492 0.477 F-17
F-6 0.574 0.500 0.485 F-18 0.576 0.506 0.492
F-7 0.593 0.533 0.521 F-19 0.575 0.510 0.497
F-8 0.583 0.520 0.507 F-20 0.563 0.526 0.516
F-9 0.580 0.512 0.498 F-21 0.569 0.511 0.500
F-10 0.583 0.520 0.507 F-22 0.575 0.526 0.514
F-11 0.570 0.496 0.481 Ave. 0.573 0.505 0.491
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Table 5. First Test on Beams Subjected to Concentrated Loads
Beam Region A Region B Failure
aA aB L M V. V. Vcr ~c ~c u
(in. ) (in. ) (in. ) (kip-ft) (kips) (kips) (kips)
F-X1 48 48 146 95.2 30.0 28.4 32.0 WC
F-1 30 30 110 94.5 32.8 33.7 60.0 WC
F-2 40 40 130 98.5 34.0 30.0 40.0 WC
F-3 40 40 140 90.0 31.0 28.0 40.0 WC
F-4 50 50 150 104.0 33.4 32.0 38.0 SF
F-5 50 50 160 95.0 27.9 27.9 32.2 WC
F-6 100 100 216 95.7 17.0 19.0 19.1 WC
F-7 60 60 170 100.0 29.1 28.0 29.1 WC
F-8 60 60 180 90.0 27.0 27.0 27.0 SF
F-9 80 90 216 90.2 22.0 19.0 25.3 SF
F-10 70 70 190 81.6 24.8 24.8 WC
F-11 60 70 210 87.5 27.0 26.0 26.0 SF
F-12 80 80 210 96.7 23.0 23.0 SF
F-13 70 80 210 93.5 25.3 21.8 24.3 SF
F-14 90 90 216 . 90.0 20.9 20.0 22.2 SF
F-15 100 100 216 91.7 16.0 16.0 17.0 SF
F-16 100 110 210 100.9 18.7 17.0 19.2 SF
F-19 40 50 200 103.0 29.9 32.2 39.6 SF
F-20 60 70 216 87.5 29·.2 SC
F-21 50 80 216 99.4 28.0 F
F-22 40 90 216 94.2 24.0 SC
*
Critical inclined cracking did not occur in Region A
of test beams F-10 and F-12 until the second test.
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Table 6. Second Test on Beams Subjected
to Concentrated Loads
Beam aA aC V Failureu
(in. ) (in. ) (kips)
F-Xl 48 50 37.6 WC
F-l 30 50 64.4 WC
F-2 40 50 48.0 SF
F-3 40 60 50.4 WC
F-4 50 50 39.8 WC
F-5 50 60 40.3 CF
F-7 60 50 34.6 WC
F-8 60 60 ·37.0 CF
F-9 (aB = 90) 36 22.7 CF
F-lO 70 50 29.0 SF
F-ll 70 70 28.9 SF
F-12 80 50 25.0 CF
F-13 80 50 23.0 SF
F-14 90 36 23.0 CF
F-19 50 100 40.0 WC
Note: Critical inclined cracking occurred in Region A
of F-lO at Vic = 27.0 kips and also in Region A
of F-12 at Vic = 25.0 kips.
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Table 7. Flexural Strength
Beam V Md f' ft ft Mfucr t
(kips) (kip- ft) (psi) /f~ f~p (kip-ft)
F-X1 ~23 .8 "1.8 690 .•. 8.5 1.06 189.8
F-1 37.8 1.0 640 7.7 1.12 191.1
F-2 29.6 1.4 880 10.8 1.63 189.0
F-3 27.0 1.6 630 7.6 1.02 190.7
F-4 25.0 1.9 870 10.9 1.50 188.1
F-5 22.8 2.2 790 9.9 1.46 188.2
F-6 11.5 4.1 840 . 10.7 1.45 187.3
F-7 20.0 2.5 790 9.7 1.32 190.3
F.,8 18.0 2.8 580 .7.0 0.97 190.3
F-9 12.0 4.1 660 8.1 1.10 190.0
F-10 14.0 3.1 370 .4.4 0.62 192.2
F-11 15.0 3.8 630 8.1 1.09 185.9
F-12 14.5 3.8 850 10.5 1.49 189.0
• F-13 14.0 3.8 870 10.9 1.61 187.9
F-14 12.0 4.1 620 ·7.5 1.07 190.8
F-15 11.0 4.1 930 12.2 1. 93 182.5
F-16 11.0 3.8 940 11.5 1.54 190.2
F-17 1.9 860 10.3 1.37 191. 3
F-18 3.8 1000 12.0 1.72 191.1
F-19 24.7 3.5 980 11.4 1.72 193.5
F-20 15.0 3.5 570 7.4 0.98 185.1
F-21 14.9 3.5 900 11.0 1.42 190.1
F-22 12.5 3.5 750 9.8 1.37 186.0
Ave. 3.0 770 9.5 1.33 189.4
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Table 8. Stress Conditions Causing Inclined Cracking
Beam Region A Region B
fcg fcg Old fb fcg fcg Old fbpt
--ll t pt pt t(psi) .[f I (in. ) (psi) (psi) .[f' (in. ) (psi)c c
F-X1 433 5.31 402 4.93
F-1 490 5.93 510 6.17
F-2 532 6.57 442 5.46
F-3 461 5.58 397 4.80
F-4 498 6.26 13 770 470 5.80
F-5 396 4.95 395 4.94
F-6 178 2.26 27 950 216 2.74 40 720
F-7 409 5.03 20 630 385~' 4; 73 14 910
F-8 368 4.44 12 980 370 4.46 18 610
F-9 272 3.33 26 790 213 2.61 23 990
F-lO 363 4.33 24 830 323 3.85 16 1080
F-ll 379 4.89 15 880 356 4.58 17 1250
F-12 328 4.07 34 680 293 3.64 29 770
F-13 351 4.37 26 730 278 3.46 24 980
F-14 247 3.00 30 910 230 2.80 29 830
F-15 172 2.26 32 780 172 2.26 32 780
F-16 207 2.53 34 910 . 176 2.15 37 930
F-19 442 5.13 489 5.64 12 840
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Table 10. Predicted Shear Strength
Beam V. V V
~c u u·
Based on Test Based on Test
Eq. (26) Predicted Eq. (27) Predicted
(kips) (kips) ' .. ' .. ,':. (kips)
First Test
F-X1 29.9 36.7 0.87 35.6 0.90
F-1 34.0 47.0 1.28 43.2 1. 39
F-2 30.8 37.7 .1.06 36.5 1.09
F-3 31.3 35.3 1.13 35.5 1.13
F-4 29.2 35.8 1.06 34.8 1.09
F-5 28.5 32.3 1.00 32.5 0.99
F-6 17.1 18.0 1.06 19.4 0.98
F-7 27.5 32.4 0.90 32.1 0.91
F-8 27.5 29.1 . 0.93 30.3 0.89
F-9 22.3 27.8 0.91 27.2 0.93 .
F-10 25.5 26.4 0.94 27.9 0.89
F-ll 23.8 26.5 0.98 27.1 0.96
F-12 22.0 22.4 1.02 24.1 0.96
F-13 21.0 22.9 1.06 23.9 1.02
F-14 20.1 20.1 loll 21.9 1. 01
F-15 15.6 15.5 1.10 17.2 0.99
F-16 15.5 16.2 1.19 17.7 1.08
F-19 30.1 39.7 1.00 37.5 1.06
F-20 23.8 32.3 30.4
F-21 22.2 29.1 28.0
F-22 19.4 25.4 24.5
Second Test
F-X1 30.1 37.0 1.02 35.8 1.05
F-1 34.1 64.0 1.01 53.0 1. 21
F-2 30.9 44.0 1.09 40.2 1.19
F-3 31.5 53.1 0.95 45.7 1.10
F-4 29.5 39.3 1.01 36.9 1.08
F-5 28.7 41.8 0.96 38.0 1.06
F-7 27.7 35.3 0.98 33.9 1.02
F-8 27.8 38.0 0.97 35.5 1.04
F-9 20.1 21.7 1.04 22.9 0.99
F-lO 25.8 30.8 0.94 30.6 0.95
F-ll 24.1 30.3 0.95 29.4 0.98
. F-12 22.3 26.4 0.95 26.5 0.94
F-13 21.4 27.3 0.84 26.5 0.87
F-14 20.5 23.7 0.97 24.2 0.95
F-19 30.3 43.2 0.93 3'9.6 1.01
Ave. 1.01 _1.02
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Table 11. Comparison of E and F Series Test Results with
Recommended Method for Predicting Shear Strength
,
Beam V. V
~c u
Predicted Test Predicted Test Diff.
(kips) Predicted (kips) Predicted
E Series
E.17 26.9 0.97 32.8 1.16 5.3
E.18 27.0 1.00 31.8 1.22 7.0
F Series - First Test
F-X1 27.2 1.05 32.9 0.97 0.9
F-1 32.3 1.04 41.6 1.44 18.'4
F-2 28.6 1.05 34.4 1.16 5.6
F-3 29.1 0.96 33.3 1.20 6.7
F-4 26.5 1. 21 32.1 1. 18 5.9
F-5 25.8 1.08 29.8 1.08 2.4
F-6 12.3 1.54 14.6 1.30 4.4
F-7 24.0 1. 17 28.6 1.02 0.5
F-8 24.0 1. 12 26.8 1.01 0.2
F-9 16.5 1.33 21.5 1.18 3.9
F-lO 20.1 1.23 22.5 1.10 2.3
F-11 19.0 1.37 22.3 1.17 3.7
F-12 16.3 1.41 18.4 1.25 4.6
F-13 15.6 1.40 18.5 1.32 5.8
F-14 14.6 1. 37 16.4 1.35 5.8
F-15 11.2 1.43 12.9 1.32 4.1
F-16 11.3 1.51 13.5 1.42 5.7
F-19 27.2 1. 19 34.6 1.15 5.0
F-20 19.3 1.25 25.9 1.13 3.3
F-21 16.5 1.33 22.3 1.26 5.7
F-22 14.1 1.42 19.2 1.25 4.8
F Series - Second Test
F-X1 27.4 1.10 ·33.1 1.13 4.5
F-1 32.4 1.01 51.3 1.25 13.3
F-2 28.8 1. 18 38.0 1. 26 10.0
F-3 29.3 1.06 43.4 1.16 7.0
F-4 26.7 1.25 34.1 1. 17 5.7
F-5 26.0 1.07 35.2 1.14 5.1
F-7 24.2 1.20 30.4 1.14 4.2
F-8 24.3 1.11 32.0 1.16 5.0
F-9 14.7 1.29 17.5 1.30 5.2
F-10 20.4 1.32 25.1 1.15 3.9
F-11 19.3 1.40 24.5 1.18 4.4
F-12 16.7 1.50 20.8 1.20 4.2
F-13 15.9 1.59 21.1 1.09 1.9
F-14 14.9 1.40 18.6 1.23 4.4
~-19 27.4 L09 36.7 1.09 3.3
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Table 12. Comparison of Illinois Test Results with
Recommended Method for Predicting Shear Strength
Beam V. V
~c u
Predicted Test Predicted Test
(kips) Predicted (kips) Predicted
BW .14.34 9.9 1.05 12.6 1.02
BW.14.38 9.7 1.07 12.5 1.06
BW .14.58 12.3 1.14 15.0 1.02
BW.14.60 12.3 1.04 15.1 0.97
BW .18 .15S 9.2 1.03 12.8 1.07
CW.13.28 8.8 1.13 15.5 1.14
CW .14.17 5.9 1.01 7.4 1.07
CW.14.22 8.2 1.16 12.8 1. 07
CW.14.23 5.6 1.32 7.3 1.09
CW .14.37 7.2 1. 30 10.7 1. 21
CW.14.39 7.0 1.30 9.8 1.12
CW .14.47 6.6 1.33 11.2 1.07
CW.14.50 6.6 1. 24 12.5 0.97
CW.14.51 8.1 1.23 11.4 1.14
CW.14.54 7.9 1. 27 11. 2 1. 20
FW .14.06 7.9 1.30 14.6 1.25
,10. FIGURES
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Fig. 14 Web Crushing Failure in F-S
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Fig. 15 Web Crushing Failures in F-l, F-3, F-6, F-7, and F-lO
140
(a) Before Failure
(b) After Failure
Fig. 16 Stirrup Fracture Failure in F-13
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Fig. 17 Stirrup Fracture Failures in F-4, F-9, F-12, F-15, and F-16
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Fig. 18 Failures in F-20, F-21, and F-22
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Fig. 20 Web Crushing Failures in F-3, F-19, and F-7
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Fig. 21 Stirrup Fracture Failures in F-10, F-ll, and F-13
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Fig. 22 Failures in the Compression Region of F-S, F-12, and F-9
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Fig. 26 Inclined Cracking in F-17
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Fig. 28 F-17 After Failure
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(a) Right Side
(b) Left Side
(c) Close-up
Fig. 29 F-18 After Failure
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Fig. 30 Comparison of the Test Results with
Paragraph 1.13.13 of the AASHO Specifications
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Fig. 32 Comparison of Test and Predicted Shear
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Fig. 35 Comparison of Equations which Predict Shear
Cdusing Significant Inclined Cracking
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Fig. 36 Variation in the Principal Tensile Stress at the
CG associated with Significant Inclined Cracking
and the Shear Span to Effective Depth Ratio
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Fig. 37 Distance from the Load Point to the Flexural
Crack causing Significant Flexure Shear Cracking
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Fig. 38 Distance from the Load Point to the Section at which
the Stress in the Bottom Fibers is 9.~f~ at the
Shear causing Significant Flexure Shear Cracking
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Fig. 39 Comparison of Test and Predicted Shear
Causing Significant Inclined Cracking J
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11. APPENDIX
CRACK PATTERNS AT SIGNIFICANT INCLINED CRACKING
Note: Explanation of the figures in the
Appendix is presented on page 33
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